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Abstract
This thesis focuses on the application of high frequency ultrasound as a
tool for performing non-destructive testing for pultruded fibre reinforced
composite (FRC) rods. These composite rods are popular in the man-
ufacturing, construction and electrical industries due to their chemical,
electrical and strength properties. Such FRCs are manufactured on auto-
mated production lines that operate day and night. Non-destructive test-
ing techniques are desired to quickly and accurately detect manufacturing
flaws such as coating thickness irregularities and surface cracks. Layers
and cracks can present as large changes in acoustic impedance and will
strongly reflect ultrasonic waves. Combined with their low cost, east of
use and absense of potentially harmful radiation, ultrasound has proven
popular worldwide for Non-Destructive Testing.
Finite Element Analysis (FEA) was employed to investigate the propaga-
tion of ultrasonic waves through layers of material to simulate a thick-
ness measurement and the ability of ultrasound to measure thicknesses
was proven. Experimental work was conducted on two fibre reinforced
composite samples with varying thickness coatings of plastic and paint.
The thickness was measured accurately using immersion transducers at
50MHz and a resolution of 20µmwas attained through the use of matched
filtering techniques.
Surface acoustic waves, particularly Rayleigh waves were investigated us-
ing FEA techniques so that the generation, scattering and detection of such
waves was understood. This lead to the development of methods for de-
tecting surface cracks in glass using Rayleigh waves and these methods
were successfully used in experimental work. Wave propagation in fi-
bre reinforced composites was modelled and experimentally investigated
with the results confirming theoretical expectations. Finally a Rayleigh
wave was launched onto a fibre reinforced composite sample however the
amount of energy leakage into the water was so great, due to the acous-
tic impedance of water, the detection of the wave was prevented. The
conclusion reached was that an immersion setup was not appropriate for
launching a travelling Rayleigh wave.
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Chapter 1
Introduction
Fibre Reinforced Composites (FRC) are modern composite materials con-
structed by embedding glass- or carbon-fibres in an epoxy resin to increase
directional strength. A popular method of manufacturing glass FRC prod-
ucts is the Pultrusion process, a portmanteau of ‘pull’ and ‘extrusion’ [3].
The pultrusion process is briefly described with reference to Fig. 1.1. Coils
of small diameter (∼ 20µm) fibres are fed into alignment cards to ensure
the fibres are parallel and regularly spaced. The fibres are pulled through a
resin bath before a heated, shaped die cures the resin. The shape can vary
from simple circles resulting in cylindrical rods, ‘L’ shapes to complicated
window frame sections. Once the resin is cured the pultruded composite
is cut to length. The process is continuous and factories often operate 24
hours a day.
The result is a lightweight (ρ ∼ 2000kgm−3 [4]) composite that is very
strong, stiff and durable. These composite are resistant to rust/chemical
corrosion hence are popular choices over steel as concrete reinforcing in
marine or other harsh environments, such as mines. The use of glass and
resin ensures electrical insulation (R ∼ 1011Ω) and electromagnetic trans-
parency making them ideal for environments where low magnetic field
variations are desired, for example concrete reinforcing for a hospital MRI
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Figure 1.1: Schematic of the pultrusion process [3]. Fibres are aligned par-
allel and dipped in resin before shaping, curing and cutting.
room. Other applications include ladders, posts for electric fences, tent
poles and sports equipment [3].
For applications with high exposure to UV or harsh environments, a pro-
tective coating is applied to the FRC rod. A common coating is a plastic
sheath approximately 1mm thick [5]. The sheath is attached by passing
the FRC through an extruder. However the FRC may move out of align-
ment during the process, resulting in an inconsistent sheath thickness. The
sheath thickness can be observed by eye once the sample is cut, however
this is a destructive process. Another coating is paint, typically 100µm
thick. The paint coating is applied after the product is cut to length. The
FRC is placed in a holder that rotates the rod about the longitudinal axis
while a paint sprayer moves along the length of the rod. This can result in
an undesirable inconsistency of paint thickness. Such a thin paint thick-
ness is extremely difficult to measure by eye and like the sheathed option
would be destructive in nature.
Other manufacturing flaws known to occur in pultruded FRC rods include
surface cracks. These cracks can be approximately one tenth of a millime-
3ter wide and one millimetre deep. The direction of the cracks is often lon-
gitudinal i.e. along the length of the sample. Although these surface cracks
are small they can be potentially damaging to an FRC rod as they provide
a location for larger cracks to develop. Large cracks can be detected by eye
or by using one’s finger nail. However since pultrusion production lines
typically operate 24 hours a day it would be inefficient to have workers
watch the sample during manufacture.
The aim of this thesis was to investigate the application of high frequency
ultrasound to typical problems in FRC production. Two particular prob-
lems were addressed, the first was the measurement of the coating thick-
ness around an FRC rod. The second was the identification of surface
cracks in FRC rods. For both situations the aim was not to develop a sys-
tem for a production line, as the interfacing with equipment in a factory
was beyond the scope of the work. Moreover a study was conducted into
wave propagation and reflection/transmission phenomena, with particu-
lar interest into the accuracy of the sytstem and use of signal processing
techniques with equipment readily available.
Thickness measurements are the fundamental ultrasonic non-destructive
testing (NDT) measurement, recording simple time of flight (TOF) data t
and calculating a distance d for a known velocity v via d = vt. These mea-
surements are simple as they can be performed in a pulse-echo setup re-
quiring only one transducer. The use of longitudinal waves reduces com-
plications involved with mode conversion and separation of the various
wave types in time. For this coating thickness work, Finite Element Anal-
ysis (FEA)was used to investigate the transmission/reflection phenomena
of ultrasonic waves at boundaries, such as those between the coating and
FRC. Signal processing techniques were employed to improve the accu-
racy of the measurement.
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For the potential detection of surface cracks, ultrasonic surface waves, par-
ticularly Rayleigh waves, were chosen as they are restricted to the surface
of a sample. Ultrasound will always partially reflect when an impedance
difference is encountered, with the reflected energy propotional to the
acoustic impedance difference at the interface. A crack, especially when
filled with air, has a dramatically different impedance to that of the solid
rod hence surface waves can reflect strongly. The guiding nature of Rayleigh
waves makes them a popular choice for surface probes [6, 7, 8]. Popular
techniques for launching Rayleighwaves on FRC samples include laser ul-
trasonics [9] or double wedge arrangements with contact transducers [10].
In the literature these techniques were used for determining engineering
constants and for evaluating interlaminar bonding.
Immersion transducers were chosen for this work due to their practical-
ity; a sample and a transducer can be simply placed in a water bath with
the water ensuring uniform coupling to surfaces that are rough or not flat,
such as FRC rods. Another advantage of water coupling is the low velocity
relative to most solids, enabling various wavetypes to be generated in the
solid via critical angle excitation [11]. Immersion transducers can have fo-
cussing lenses to increase the intensity of the ultrasonic pulse. The devices
used in this work were relatively cheap, approximately $2, 000 NZD per
unit and were incorporated into an existing ultrasound system with the
necessary electronics and position stages available [2]. In contrast, laser
systems are costly (approximately $50, 000 NZD) as they require separate
lasers and optics for the generation of ultrasound and interferometry.
As stated above, the aim of this work was not to develop a fully function-
ing system that could be placed on a production line. This work was rather
aimed at investigating the propagation of surface waves, the behaviour of
Rayleigh waves at cracks and the effect of the fibres as scatterers. The
potential for using these waves as a tool for surface crack detection was
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assessed.
Throughout this work FEA was conducted using the software package
PZFlex [12] from Wiedlinger Associates Inc. The FEA functioned by di-
viding a 2D (or 3D) model space into a finite number of elements, with
corresponding nodes separating the elements, such that partial differen-
tial equations for strain and stress could be solved at each element. This
allows fluids and solids to be modelled in a wide variety of user defined
configurations. The software was designed to be run on desktop PCs and
provides a helpful insight into ultrasonic wave propagation in a short time
i.e. minutes or hours instead of days. The results of the FEA simulations
can be movie files of the ultrasonic wave propagation and time histories of
numerical quantities eg. pressure. From the movie files, snapshots were
chosen which are presented in the following chapters to demonstrate the
results of the simulations.
1.1 Thesis Outline
Chapter 2 provides an introductory background into the theory of ultra-
sonic wave propagation particularly focussing on the wave types used in
this work. The concept of acoustic impedance is introduced which leads
to the transmission and reflection of ultrasonic waves. The angular varia-
tion of reflection is discussed and provides an insight into the generation
of the various wave types, particularly the non-specular reflections and
beam shifting associated with leaky Rayleigh waves. Finally the mecha-
nisms of attenuation are covered.
The equipment and methods employed and developed in this work are
detailed in Chaper 3. Piezoelectricity is explained and the construction
of ultrasonic transducers is presented. Methods of testing a transducer’s
electrical impedance and frequency response are detailed. Common non-
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destructive testing techniques are introduced with particular attention to
those used in this work. The high frequency electronic circuits neccessary
for accurate measurements are detailed and the signal processing tech-
niques used for analysing recorded data are explained.
Chapter 4 details the FEA and experiments conducted to test the accuracy
of an ultrasonic pulse echo measurement for determining the thickness of
a coating on a fibre reinforced composite rod. A rod with a plastic sheath
∼ 1mm thick was investigated and the resolution limits of the systemwere
tested by measuring the paint thickness (∼ 100µm) of a painted rod using
radar signal processing techniques.
An investigation into the propagation of surface acoustic waves, particu-
larly Rayleigh waves, is presented in Chapter 5. FEA was used to model
the propagation of a leaky Rayleigh wave and experiments to confirm the
existence of Rayleigh waves were conducted leading to the development
of techniques to detect surface cracks.
The work is concluded with a discussion of possible improvements or al-
ternative methods in Chapter 6.
Chapter 2
Theoretical Background
This chapter references popular texts [11, 13, 14, 15, 16, 17] and provides
an introduction into the theory of ultrasonic waves and associated phe-
nomena. Section 2.1 covers the wave types and corresponding motion
of particles, with emphasis on those wave types relevant to this research.
The concept of acoustic impedance is covered in Section 2.2, followed by
reflection and transmission in Section 2.3. Finally, aspects of attenuation
are presented in Section 2.4.
2.1 Acoustic Wave Propagation
Ultrasonic waves are acoustic waves with frequencies above the range of
human hearing (> 20kHz) and can be classified as either bulk, surface or
plate/rod waves. Bulk acoustic waves (BAW) exist in materials that have
dimension much greater than the wavelength. Surface acoustic waves
(SAW) propagate along the surface of a semi-infinite medium, with par-
ticle displacement a few wavelengths deep. Plate and rod waves exist in
materials where the material thickness is of the order of a wavelength.
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Direction of propagation
Figure 2.1: Grid deformation for a Longitudinal (P) wave travelling left to
right, after [11].
2.1.1 Bulk Acoustic Waves
Longitudinal, or P, waves are elastic mechanical oscillations of particles
about an equilibrium position, parallel and anti-parallel to the direction
of wave propagation, seen in Fig. 2.1. P waves are the only waves that
propagate through all three states of matter.
Shear, or S, waves involve a mechanical oscillation of the particles per-
pendicular to the direction of wave (energy) propagation, seen in Fig. 2.2.
This perpendicular oscillation has an associated polarisation that can be
classified as either shear vertical (SV) or shear horizontal (SH). SV waves
are simple to excite via mode conversion, covered in Section 2.3.2, whereas
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Direction of propagation
Figure 2.2: Grid deformation for a Shear (SV) wave travelling from left to
right, after [11].
SHwaves require a SH source [11, 14]. Liquids and gases cannot support a
static shear stress and correspondingly cannot support a shear wave hence
shear waves are only found in solids. The velocity of a shear wave is ap-
proximately half that of a P wave in the same material [11].
2.1.2 Surface Acoustic Waves
The most common surface acoustic wave is the Rayleigh wave, first pro-
posed by Lord Rayleigh in 1885 [18] as an explanation for the rolling mo-
tion of earthquakes. These waves propagate along, and are guided by,
the surface of a semi-infinite solid. Rayleigh waves have particle displace-
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ments approximately one wavelength deep from the surface [11]. The mo-
tion of the particles in a Rayleigh wave is a coupling of longitudinal and
shear (SV) waves, resulting in particles vibrating in an elliptical fashion,
seen in Fig. 2.3. The vibration of particles at the surface is counterclock-
wise, however the motion changes to clockwise deeper below the surface.
The Rayleigh equation relates the longitudinal, shear and Rayleigh veloc-
ities and is defined [11, 14]
V 6R
V 6S
− 8
V 4R
V 4S
+ V 2R
(
24
V 2S
−
16
V 2L
)
− 16
(
1−
V 2S
V 2L
)
= 0 (2.1)
where VR is the Rayleigh velocity, VS is the shear velocity and VL is the
longitudinal velocity. VR has a single real root that can be defined
VR =
0.87 + 1.12σ
1 + σ
VS (2.2)
where σ is Poisson’s ratio, defined as the ratio of the expansion of a ma-
terial in orthogonal directions x and y, to the compression of the material
in the orthogonal direction z. For the physically realisable range of Pois-
son’s ratio, 0 < σ < 0.5, the Rayleigh velocity is in the range of 0.87VS
to 0.96VS [11, 19]. The Rayleigh velocity will always be slightly smaller
than the shear velocity and approximately half the longitudinal velocity.
Since the Rayleigh velocity is very close to that of a shear wave, the ma-
jority of energy is associated with the transverse component of oscillation,
seen in Fig. 2.3, where the normal displacement (corresponding to shear)
is greater than the tangential (corresponding to longitudinal).
If a surface is fluid loaded, such as when a sample is immersed in water,
and a Rayleigh wave propagates along the surface of the sample, the fluid
molecules near the surface will follow the elliptical motion of the surface.
As the motion of the Rayleigh wave is predominantly transverse, the fluid
molecules will move predominantly vertically, generating a longitudinal
wave in the fluid. This longitudinal wave will propagate away from the
surface at the Rayleigh critical angle, derived from Snell’s law [11]
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Direction of propagation
Figure 2.3: Grid deformation for a Rayleigh wave travelling left to right,
after [11].
θR = sin
−1 VF
VR
(2.3)
which is measured relative to the surface normal and where VF is the lon-
gitudinal velocity of the acoustic wave in the fluid. Trigonometry requires
VF to be less than the Rayleigh velocity. At the Rayleigh critical angle,
the horizontal components of the longitudinal wave in the fluid and the
Rayleigh wave are phase matched. This generation of a longitudinal wave
requires energy, which is taken from the Rayleigh wave. The Rayleigh
wave is deemed to be ‘leaking’ energy into the fluid and the Rayleigh
wave is termed a leaky Rayleigh wave [11]. A finite element simulation
of a leaky Rayleigh wave is seen in Fig. 2.4.
The amplitude of the leaky Rayleigh wave A is defined
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θR
Liquid
Solid
Figure 2.4: Finite Element Model of a leaky Rayleigh wave propagating
along the surface of a solid immersed in a liquid. The leaked energy is
propagating at the Rayleigh angle θR relative to the surface normal.
A = A0 exp(−αz) (2.4)
where A0 is the initial amplitude, α is the energy attenuation coefficient
and z is the distance propagated along the surface. The relationship is
a decaying exponential because of the energy leakage and causes (2.2) to
become complex. The energy attenuation coefficient α is defined [11]
α =
ρFVF
ρSVRλ
[cm−1] (2.5)
where ρF and ρS are the mass densities of the fluid and solid respectively
and λ is the wavelength. A characteristic distance of a leaky Rayleigh
wave can be defined as the distance a Rayleigh wave travels along a sur-
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face before its amplitude is reduced by a factor 1/e. This distance is the in-
verse of the attenuation coefficient. For a Rayleigh wave on a glass surface
(VR = 3000ms
−1 and ρS = 3000kgm
−3) immersed in water (VF = 1480ms
−1
and ρF = 1000kgm
−3), this characteristic distance is 6 wavelengths. After
the leaky Rayleigh wave has travelled 3 times this characteristic distance
its amplitude will have reduced to (1/e)3 = 5% of its original, hence the
range over which this Rayleigh wave will be easily detectable is limited to
18 wavelengths. For a 5MHz Rayleigh wave on the glass-water interface,
this corresponds to approximately 11mm.
This leaking of energy works in reverse, where a longitudinal wave in
the fluid impinging the surface at the Rayleigh critical angle will generate
a Rayleigh wave on the surface. This is known as critical angle excita-
tion [11] and is the method used in this work to generate leaky Rayleigh
waves. Other methods for generating Rayleigh waves include interdigital
transducers on piezoelectric substrates [14] or coupling shear wave trans-
ducers to a surface with oil [11].
Other surface acoustic waves exist, notably Love waves, which are similar
to Rayleigh waves in that they propagate only at the surface of a mate-
rial with particle displacement decaying rapidly with depth from the sur-
face [11]. The difference between Love and Rayleigh waves is the wave
motion, Rayleigh waves are coupled P and SV waves whilst Love waves
are purely SH in nature but are restricted to the surface, seen in Fig. 2.5.
This restriction is due to the velocity of a Love wave being less than the
shear velocity. Of note is that the Love wave velocity is greater than that
of a Rayleigh wave. Love waves are also present in earthquakes [20].
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Figure 2.5: Love wave, with particle displacements perpendicular to di-
rection of propagation approximately a wavelength deep from the surface,
after [21].
2.2 Acoustic Impedance
The specific acoustic impedance Z of an acoustic wave in a medium is
defined [13]
Z =
p
v
[
kg m
s2 m2
∗
s
m
=
kg
m2 s
]
. (2.6)
where p is the acoustic pressure and v is the particle velocity. The direc-
tion of propagation is included resulting in the impedance having either
a positive or negative sign. This impedance is analogous to the electri-
cal impedance defined by Ohm’s law, with the pressure analogous to the
voltage and the particle speed to the current. For plane waves the absolute
value of Z is the characteristic impedance, defined as
|Z| = ρVL
[
kg
m3
∗
m
s
=
kg
m2 s
]
(2.7)
where ρ is the density of material and VL the longitudinal velocity. As the
specific impedance is analogous to Ohm’s law, the characteristic impedance
is analogous to the electrical transmission line, where maximum transmis-
sion of energy occurs when characteristic impedances are matched. Where
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there is a characteristic impedance mismatch the transmission of energy is
accompanied by a partial reflection of energy. The unit for impedance is
defined in (2.6) and is commonly referred to as a Rayl, named after Lord
Rayleigh. Common materials have impedances of the order of millions of
Rayls, so MRayl are often used [11].
2.3 Reflection and Transmission of Ultrasound
Ultrasonic measurements involve waves propagating through a range of
media, particularly fluids and solids, that have distinct boundaries. When
a wave is normally incident on a boundary with an impedance mismatch,
the wave will partially reflect and partially transmit. For oblique inci-
dence, the transmitted wave will undergo refraction and mode conver-
sion. The extent to which these phenomena occur is determined by the
acoustic impedance mismatch, media type and angle of incidence. Plane
waves are assumed hence there is the ability to use geometrical ray the-
ory [13]. This section will describe the reflection and transmission phe-
nomena for homogeneous fluids and solids at normal and oblique inci-
dences.
2.3.1 Normal Incidence
The simplest case involves a plane wave propagating through a medium
with characteristic impedance Z1 that is in intimate contact with a second
mediumwith impedance Z2. The wave is normally incident on the bound-
ary and undergoes partial reflection and transmission due to the acoustic
impedance mismatch, with no mode conversion, as seen in Fig. 2.6. At the
boundary the media remain in contact hence the boundary conditions are
continuity of pressure and velocity [11]. The pressure reflection coefficient
Rp is defined as the fraction of pressure reflected from the boundary pr
relative to the incident pressure pi. The pressure reflection coefficient can
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be determined [13] as a function of the acoustic impedances
Rp =
Z2 − Z1
Z1 + Z2
(2.8)
as can the pressure transmission coefficient Tp
Tp =
2Z2
Z1 + Z2
(2.9)
The acoustic intensity I is defined [11]
I =
p2
2Z
(2.10)
hence the acoustic intensity reflection and transmission coefficients, Ir and
It respectively, are defined [11]
Ir
Ii
= |Rp|
2
It
Ii
=
Z1
Z2
|Tp|
2
(2.11)
where Ii is the incident intensity. This confirms conservation of energy
Ii = Ir + It (2.12)
For the case of no impedance mismatch i.e. Z1 = Z2 complete transmis-
sion will occur (Tp → 1 and Rp → 0) as if there were no boundary. To
contrast, when Z2 ≪ Z1, such as a water-air boundary with impedances of
1.5MRayls and 0.0004MRayls respectively, the reflection and transmission
coefficients are Rp = −0.99942 and Tp = 0.00058. The negative value of
Rp corresponds to a pi phase change of the reflected wave relative to the
incident.
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Figure 2.6: An interface between two media with an acoustic wave nor-
mally incident from the left having pressure pi, the reflected wave with
pressure pr and transmitted wave with pressure pt. The media have char-
acteristic impedances Z1 and Z2. Figure after [11].
2.3.2 Oblique Incidence
When an ultrasonic wave is incident at an oblique angle to a liquid-liquid
boundary there will be a partial reflection and transmission that will de-
pend on the angle of incidence. For a given angle of incidence θi the angle
of reflection θr will equal the angle of incidence and the transmitted wave
will refract at an angle θL defined by Snell’s Law [11]
sin θi
V1
=
sin θr
V1
=
sin θL
V2
where V1 is the longitudinal velocity in liquid 1 and V2 the longitudinal
velocity in liquid 2. As with optics, critical angles exist such that total in-
ternal reflection will occur. Extending this to a liquid-solid interface seen
in Figure 2.7, two waves are generated in the solid, a longitudinal wave
(with velocity V2L) and a shear wave (with velocity V2S). This is mode con-
version, where energy is converted between different wave modes. Again
Snell’s Law is obeyed and each wave type has a distinct angle of refraction
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Figure 2.7: A liquid-solid interface with incident, reflected and refracted
transmitted longitudinal (L) and shear (S) waves, after [11].
sin θi
V1
=
sin θr
V1
=
sin θL
V2L
=
sin θS
V2S
(2.13)
where θS is the angle of refraction for the shear wave. Critical angles exist
when the angles of refraction θL and θS equal 90
◦ i.e. for both the longi-
tudinal and shear waves. At and beyond these critical angles no energy
is transmitted into the solid, instead the energy propagates as an interface
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wave. An angle of refraction equal to 90◦ results in sin θ = 1, from which
the critical angle is calculated. The pressure reflection coefficient has an
angular dependence, defined as [11]
Rp =
ZL cos
2 2θS + ZS sin
2 2θS − Z1
ZL cos2 2θS + ZS sin
2 2θS + Z1
(2.14)
aswill the pressure transmission coefficients for the longitudinal and shear
waves, defined as
TL =
ρ1
ρ2
2ZL cos
2 2θS
ZL cos2 2θS + ZS sin
2 2θS + Z1
(2.15)
and
TS =
ρ1
ρ2
2ZS sin
2 2θS
ZL cos2 2θS + ZS sin
2 2θS + Z1
(2.16)
respectively, where
Z1 =
ρ1V1
cos θi
ZL =
ρ2VL
cos θL
ZS =
ρ2VS
cos θS
(2.17)
are the acoustic impedances for the incident, refracted longitudinal and
refracted shear waves respectively. The form of these equations is similar
to those for normal incidence except they are complicated by the need
for angular dependence and mode conversion. For simplicity an effective
impedance is defined [11]
Zeff ≡ ZL cos
2 2θS + ZS sin
2 2θS (2.18)
from which the reflection coefficient (2.14) can be simplified to
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R =
Zeff − Z1
Zeff + Z2
(2.19)
which has the same form as (2.8). Water and aluminium provide a good
example of a liquid and solid with different impedances, presented in Ta-
ble 2.1. Additional data are included for the critical angles for the longi-
tudinal θL, shear (SV) θS and Rayleigh θR waves for the water aluminium
interface.
Material ρ Velocity [ms−1] Critical angle [◦] Z
[kgm−3] VL VS VR θL θS θR [MRayl]
H2O 1000 1480 - - - - 1.5
Al 3000 6300 3100 2894 13.6 28.5 30.8 18.9
Table 2.1: Properties of Water and Aluminium with critical angles for the
boundary, after [11].
The angular dependence of the reflected energy is often measured using a
goniometer and can provide a means to determine the velocities of acous-
tic waves in a sample. The theoretical result of such a measurement for a
water-aluminium interface is displayed in Fig. 2.8(a). For angles less than
the longitudinal critical angle θL = 13.6
◦, 70% of energy is reflected, be-
tween 20% and 30% is transmitted as a refracted longitudinal wave and
less than 10% is transmitted as a refracted shear wave. At the longitudinal
critical angle the energy associatedwith the transmitted longitudinal wave
goes to 0 and remains at 0 for higher angles, hence nomore energy is trans-
mitted as a longitudinal wave. The energy associated with the transmitted
shear wave also goes to 0 and the reflected energy increases to 100%, how-
ever these last two phenomena occur only at this precise angle. For angles
greater than θL and less than θS the energy associated with the shear wave
rapidly increases to between 40% and 60% of the total energy resulting in
the generation of a large amplitude shear wave. As a result the reflected
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energy decreases. At the shear critical angle the transmitted energy again
goes to 0 and all the energy is reflected. For angles greater than the shear
critical angle all of the energy is reflected with |R| = 1, seen in Fig. 2.8(b).
This total reflection is counterintuitive because a Rayleigh wave is gen-
erated at the Rayleigh critical angle (discussed above) and energy is re-
quired to generate this Rayleigh wave hence some incident energy must
be ‘transmitted’ and not reflected. To explain why total reflection is true a
non-specular reflection must be introduced. As explained above specular
reflections follow the rules of geometric ray tracing. A non-specular reflec-
tion is where the reflected ray is displaced laterally [11], seen in Fig. 2.9.
For critical angle Rayleigh wave generation there is partial specular reflec-
tionwith the remainder of energy generating the leaky Rayleighwave. For
an ideal, non-attenuating solid all of the energy used to generate the leaky
Rayleigh wave will eventually be leaked as a non-specular reflection, as
the leaky Rayleigh wave propagates along the surface. This confirms the
total reflection |R| = 1. However, no solid is ideal and attenuation of the
Rayleigh wave in the solid will occur resulting in less than total reflec-
tion. This reduction in reflected energy is observed experimentally as the
dashed line in the inset of Fig. 2.8(b), centred at the Rayleigh angle θR. This
is called the Rayleigh dip [11]. For a solid with small but critical attenu-
ation, the Rayleigh dip is deep and narrow, and for high attenuation the
Rayleigh dip is shallow and broad.
The phase of the reflection coefficient is close to 0◦ for angles below and
including the shear critical angle θS . Between θS and θR the phase rapidly
rises to 180◦, in phase with the incident wave. This rapid change is again
observed for angles above θR, where the phase flips to −180
◦. This is ob-
served experimentally with the specular reflection having a phase of 0◦
and the non-specular reflection having a phase of 180◦ (the same as the
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incident wave). This phase mismatch results in a phenomenon called the
Schoch displacement. For a finite width incident beam at the Rayleigh crit-
ical angle, the specularly reflected beam will have the same beam width.
On the surface the incident beam will cover a finite region over which a
Rayleigh wave will be generated but no energy will be leaked. Past this
region energy will start leaking with a phase 180◦ relative to the specu-
larly reflected beam. Over the small region where the specular and non-
specular reflected beams meet the two out of phase beams will destruc-
tively interfere resulting in the null region [11, 14] seen in Fig. 2.9. As
a result of this null region the two reflected beams will become easy to
distinguish, the specular reflection with its finite beamwidth and the non-
specular reflection with its wider beam width and decaying amplitude.
The cause of the Schoch displacement was verified experimentally [22] by
placing a blocker on the surface of the solid in the null region to block the
specular beam. Only the Rayleigh wave travelled ‘under’ the block and
the only energy present on the other side of the block was due to the leaky
Rayleigh wave.
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Figure 2.8: Angular variation of the reflection coefficient of aluminium
immersed in water.
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Specular
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Null
Figure 2.9: Specular reflection interfering with non-specular reflection
from leaky Rayleigh wave resulting in the Schoch displacement phe-
nomenon.
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2.4 Attenuation
As acoustic waves propagate through media they are attenuated with the
causes attributed to the two separate processes of absorption and scatter-
ing.
2.4.1 Absorption
Absorption is the transfer of acoustic energy into random thermal energy.
This loss of energy is caused by three processes [11, 13]; viscosity, thermal
conductivity and internal molecular energy transfers. Viscous losses occur
when adjacent parts of the medium move relative to each other i.e. from
shear deformation. Thermal conduction losses occur when energy trans-
fers from compression regions at high temperature to rarefaction regions
of low temperature. Internal molecular energy transfers involve the ki-
netic energy of the particles converting to structural rearrangements and
rotational/vibrational motion of polyatomic molecules. The absorption
coefficient for a medium is defined [11, 13]
αabsr =
ω2
2ρv3
(
4
3
ηshear + ηbulk +
(γ − 1)κ
Cp
)
(2.20)
where ω is the angular frequency, ρ is the density, v is the acoustic velocity,
η is the viscosity, γ is the specific heat ratio, κ is the thermal conductivity
and Cp is the specific heat. It is clear that absorption is sensitive to and will
rise rapidly with frequency because of the ω2. Absorption is observed as a
reduction in amplitude A of a signal as it propagates a distance z through
a medium
A = A0 exp(−αz) (2.21)
where A0 is the initial amplitude and α is the attenuation coefficient. The
frequency dependent absorption for water at 20◦C is seen in Fig. 2.10.
Absorption will have a significant effect when immersion transducers are
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Figure 2.10: Absorption in water for the MHz range.
used as their focal lengths are typically 20mm [23, 24]. At 10MHz for
a focal length of 20mm the absorption for a pulse-echo measurement is
0.9487dB, where as at 50MHz the absorption is 22.6204dB, a drastic de-
crease in signal amplitude.
2.4.2 Scattering
As with EM waves acoustic waves have their energy partially redirected
when they interact with an object of different impedance. Scattering is
an extension of reflection theory and is dependent on the size, shape and
orientation of the scatterer and the wavelength λ. By comparing the k =
2pi
λ
and scatterer size a, acoustic scattering can be classified into one of three
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categories: scatterers much larger than a wavelength, much less than a
wavelength and comparable to the wavelength. The product ka is often
referred to when describing scattering phenomena [11, 15, 16]. For this
explanation it is assumed that the scatterer size a is kept constant while the
frequency/wavelength/wavenumber is varied. Scattering differs slightly
between cylinders and spheres [11] however the fundamental ideas are
consistent.
Specular Scattering
When the wavelength is much smaller than the scatter (ka ≫ 1) the scat-
tering is specular. Due to the length scales concerned the scatterer can be
approximated as a flat surface so that ray theory can be applied.
Diffusive Scattering
Diffusive scattering is the other extreme, where the wavelength is much
larger than the scatterer (ka ≪ 1). The acoustic energy will scatter over
a wide range of angles and very little energy will be reflected back to the
source. This is often called Rayleigh scattering (after Lord Rayleigh’s pa-
per on why the sky is blue [25]) and is found to depend on frequency to
the fourth power.
Diffractive Scattering
Diffractive scattering describes the phenomena associated with a scatterer
of approximately the same size as the wavelength (ka ∼ 1). In this region
the scattering intensity is found to vary significantly with small changes in
k [11]. Polar plots in Fig. 2.11 display the drastic change in the directional
dependence of the scattered energy, here the incident wave is from the
right.
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ka = 0.1 ka = 1
ka = 5
ka = 3
Figure 2.11: Scattered energy for a rigid sphere diffractive scattering, after
[11]. The incident wave is from the right.
Chapter 3
Experimental Setup
This chapter details the high frequency ultrasonic equipment, techniques
and electronics employed to perform the experiments associated with this
work. Section 3.1 details the construction, properties and frequency re-
sponse of the ultrasonic immersion transducers used. Section 3.2 describes
the Pulse-Echo and Pitch-Catch methods of ultrasonic inspection. A brief
functional description of the high frequency electronics required to oper-
ate the transducers is presented in Section 3.3.
3.1 Transducers
Transducers are devices that convert energy from one form to another
with ultrasonic transducers converting between electrical and mechani-
cal. These transducers take advantage of the piezoelectric effect where a
crystal will deform in response to an applied potential, acting as a trans-
mitter. The use of an alternating potential will cause the crystal to deform
at the same frequency, useful for generating acoustic waves at a desired
frequency. The opposite is also true, a mechanically deformed crystal will
produce a corresponding potential allowing a transducer to be used as a
receiver. All transducers are designed to have a maximum response in
a certain frequency range and are assigned a centre frequency and band-
29
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width.
3.1.1 Construction of Piezoelectric Transducers
The typical construction of an ultrasonic contact transducer is presented
in Fig. 3.1(a). The housing is often metallic for strength and wear resis-
tance. The three main parts of a transducer are the active element, backing
material and wear plate.
Active Element
Materials commonly used as active elements are polarized ceramics of the
lead zirconate family [11, 1] as they can be cut along different principle
axes to produce both longitudinal and shear waves. Other materials in-
clude piezo-polymers and -ceramics or composites that can provide de-
sired properties for specific applications. Electrodes are placed on the top
and bottom sides of the active element to provide the potential difference,
hence the active element has similar properties to a capactior.
Backing
The backing of a transducer is a with significant acoustic attenuation used
to dampen the wave propagating backward into the transducer body. A
heavily damped transducer has a backing that is impedance matched to
the active element and thus produces low energy pulses. These pulses
are short resulting in improved axial resolution and a large bandwidth.
The opposite is true for transducers with low damping, as the acoustic
impedance mismatch is greater more energy is reflected from the back-
ing resulting in a higher energy pulse. The pulse length is longer which
decreases resoution and the bandwidth narrows.
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Wear Plate
The wear plate on the transducer is incorporated in order to protect the
active element from scratching and serve as an impedance matching layer.
In contact transducers the wear plate is one quarter of a wavelength (λ/4)
thick, designed for constructive interference of reverberating waves in the
wear plate, resulting in a larger signal. Immersion transducers often use
a much longer wear plate made of quartz called a delay line. The delay
line allows the use of long pulses and enables the active element to ‘ring
down’ before an echo returns. One advantage of a delay line in an im-
mersion setup is the acoustic matching improvement between water and
active element, resulting in improved energy transfer. Delay lines often
have a lens cut or ground into their end face which causes the ultrasound
to refract at the water boundary and focus the beam, increasing the inten-
sity, seen in Fig. 3.1(b). Water provides a uniform coupling between the
transducer and the sample, enabling samples with complex shapes to be
investigated.
Beam Properties
The −6dB beam diameter [1] of a focussed immersion transducer is de-
fined as
BD(−6dB) = 1.02
Fc
fD
(3.1)
where F is the focal length, c is the velocity in the immersion liquid (wa-
ter), f is the frequency and D is the diameter of the active element, seen
in Fig. 3.1(b). The lateral resolution of a transducer is defined as the -
6dB beam diameter at the focal point [1]. For two distinct reflectors to
be resolved laterally the distance between the two must be greater than
the lateral resolution. This ensures the reflectors are never in the beam at
the same instance and prevents mixing of signals, hence resolving the two
reflectors independently. For two distinct reflectors positioned along the
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beam axis to be fully resolved the reflected acoustic pulses must not over-
lap. The smallest separation of two such reflectors is half the spatial pulse
length (SPL), the distance in space that a pulse covers. The corresponding
axial resolution is
R =
cN
2f
(3.2)
where N is the number of cycles in the pulse.
3.1.2 Transducer Properties
Five Olympus Panametrics immersion transducers of three different cen-
tre frequencies were used in this work. One pair had nominal centre fre-
quencies of 50MHz while another pair had centre frequencies of 20MHz
and a single transducer was centered at 10MHz. Specification sheets were
supplied with the devices [23, 24, 26] from which the lateral and axial res-
olutions of the three transducer models were calculated, seen in Fig. 3.2.
The spec sheets also presented the results of tests that followed the stan-
dard method of the American Society for Testing and Materials docu-
ment E 1065 ”Standard Guide for Evaluating Characteristics of Ultrasonic
Search Units” [27]. The technique used to characterise each transducer
was the ‘Shock’ technique [28]. A pulser unit generated a pulse of very
short duration, quick rise time (< 2ns) and large amplitude (−180V). This
pulse provided a broad spectrum of energies and caused the active ele-
ment to deform and resonate, or ‘ring down’, at its resonant frequency,
which generated an acoustic pulse. The shape of acoustic pulse was the
convolution of the voltage spike shape with the impulse response of the
transducer. The transducer was immersed in water and a steel ball placed
inside the focal region that acted as an equal phase reflector. The acous-
tic pulse was reflected back to the transducer and deformed the active
element which generated a time varying voltage. This voltage was the
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(a) Cross-section of the construction of ultrasonic contact transducer, af-
ter [1].
(b) The -6dB beam diameter, focal length and corresponding focal zone
of a focussed immersion transducer, after [1].
Figure 3.1: Construction and beam properties of an ultrasonic transducer.
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Figure 3.2: The lateral and axial resolution of the three transducers [1].
The axial resolution depends only on the frequency of the wave hence is
independent of the individual transducer.
convolution of the reflected acoustic pulse with the impulse response of
the transducer and was recorded on an oscilloscope, seen in Fig. 3.3(a).
This recording was Fast Fourier Transformed (FFT) from which the fre-
quency response of the transducer was acquired, seen in Fig. 3.3(b). From
these frequency responses, the centre frequency and −6dB bandwidth of
the transducers were determined. These values are tabulated along with
other properties of the transducer in Table 3.1.
The shock technique provided an insight into the impulse response of the
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Model Nominal Centre BW Element Delay Focal
Number Freq. Freq. Diameter Line Length
MHz MHz MHz mm µs mm
V390 50 45 27-61 6.35 19.7 12.7
V372-SU 20 29 18-40 6.35 2.2 17.8
V327 10 9.5 6-13 9.525 0 20
Table 3.1: Properties of Transducers, after [23, 24, 26].
transducer, in that the active element would oscillate and ring down close
to the natural frequency. However this pulse echo measurement was a
representation of the manufacturer’s system, rather than the transducer’s
response in a typical Pulse-Echo measurement. During the shock testing
high frequency water absorption was significantly reduced as the steel
ball was located 6mm from the transducer for the 50MHz and 20MHz de-
vices, corresponding to a half or third of their focal length’s, respectively.
Whereas a typical measurement would have a reflector at the focal spot
where the wave is more uniform. The shock excitation provided a broad
range of energies however the spectrum of this pulse was not provided.
Control of a pulse’s spectrum is desired to reduce water absorption, min-
imise scattering or change the resolution. This control can be achieved
through the use of multiple cycle sinusoidal pulses centred at a chosen fre-
quency, generated by a function generator. A pulse regularly used in this
research was a 5 cycle sinusoid with an envelope matching the Hann win-
dow [29], seen in the inset of Fig. 3.4. To measure the frequency response
of the transducers in a typical pulse-echo setup, a smooth flat glass reflec-
tor was placed at the focal spot, which would increase the attenuation as
the water path was longer. The centre frequency of the 5 cycle Hann si-
nusoid was varied and the amplitude voltage of the echo signal recorded.
The frequency response of the transducers to the sinusoidal excitation is
presented in Fig. 3.4.
The broadband nature of the 50MHz device is highlighted in this mea-
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surement with the maximum response between 25MHz and 35MHz, at
the lower end of the quoted range, while the response fell off very sharply
below 20MHz. The 20MHz transducer suprisingly had a weaker response
than the 50MHz in the range above 15MHz. However the response of
the 50MHz below 15MHz was not measured as the signal quality detere-
orated such that the signal was not an accurate representation of a si-
nusoid. Whereas the 20MHz retained signal quality at these lower fre-
quencies. In contrast the 10MHz had a very sharp peak in its response
and could be used down to 5MHz before the signal quality detereorated.
These results guided the choice of transducer for a particular frequency
range; for all measurements above 20MHz the 50MHz transducers would
be employed while lower frequency measurements required a combina-
tion of the 10MHz and 20MHz transducers, dependent on the particular
measurement.
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(a) Response of 50MHz transducer to ASTME1065 ‘Shock’ technique - a
voltage spike applied to the transducer aimed at a steel ball in water in a
Pulse-Echo setup. Data from manufacturer’s testing [23].
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(b) Normalised frequency response of 50MHz, 20MHz and 10MHz
transducers obtained via FFT of recorded waveform.
Figure 3.3: Results of shock testing of the three Olympus Panametrics
transducers used in this research.
38 CHAPTER 3. EXPERIMENTAL SETUP
0 10 20 30 40 50 60 70
0
0.5
1
1.5
2
2.5
Excitation Frequency [MHz]
Vo
lta
ge
 [V
]
 
 
50MHz
20MHz
10MHz
t
V
Figure 3.4: Measured response of transducers with flat glass reflector at
focal length. The excitation pulse was a Hann windowed 5 cycle sinusoid
(inset). The centre frequency was varied and the peak voltage recorded for
each frequency.
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Transducer Electrical Impedance
The electrical impedance (magnitude and phase) of each transducer was
measured using a Agilent 4291B impedance analyser with a bandwidth of
1 MHz-1.8 GHz. The 50MHz transducers were purchased in 2006 and the
impedance was measured at the time by other researchers [2]. The 20MHz
transducers were purchased in mid 2011 and their impedance measured
upon arrival. The two 50MHz devices displayed very similar characteris-
tics, seen in Fig. 3.5, and have an impedance of 33Ω at 50MHz. The small
oscillatory nature of the plots between 25MHz and 75MHz is due to the
element responding to reverberations in the delay line from earlier in the
measurement. These reverberations highlight the broad range of frequen-
cies over which the transducer is active. Near DC the magnitude is 50Ω
and the phase 0◦ due to a 50Ω resistor placed across the input. This resistor
provides cable matching and results in a more resistive and less capacitive
device that is easier to drive as less energy is stored in the electric field.
Since the resistor changes the electrical network these plots show a dis-
tinct change from the 1/f impedance plots typical of a capacitor.
The impedance of the 20MHz devices is presented in Fig. 3.6, where the
DC value of 50Ω signifies the presence of a resistor network. With increas-
ing frequency there is a reduction in magnitude down to 45Ω at 20MHz.
The delay line reverberations are present however the corresponding range
of frequencies is shifted and reduced due to the limited bandwidth of the
transducer (18− 39MHz).
Finally the impedance of the 10MHz device was found to be very close to
that of an ideal capacitor, seen by the 1/f response at frequencies below
the operating region of ∼ 10MHz. This was due to the lack of a dis-
crete resistor which in the 50MHz and 20MHz devices forced the near DC
impedance to 50Ω. In the operating region the impedance is 38Ω.
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Figure 3.5: Magnitude and Phase [2] of Olympus Panametrics V390
50MHz Immersion Transducer.
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Figure 3.6: Magnitude and Phase of Olympus Panametrics V372 20MHz
Immersion Transducer.
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Figure 3.7: Magnitude and Phase of Olympus Panametrics V327 10MHz
Immersion Transducer.
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3.2 Ultrasonic Techniques
All ultrasonic measurements fall into one of two categories, pulse-echo or
pitch-catch. Both types of measurements can be employed independently
or simultaneously to determine properties of a sample. This section details
the techniques for the two measurement types and describes how sample
information can be obtained from each technique.
3.2.1 Pulse-Echo Measurements
Pulse-echo measurements are the simplest ultrasonic measurements and
require only one transducer. A simple pulse-echo measurement is de-
scribed with reference to Fig. 3.8 which shows an immersion measure-
ment. A pulse excites a transducer and an ultrasonic wave is emitted. This
wave is reflected at regions of impedance mismatch and the reflections ar-
rive back at the transducer. The first reflection to return to the transducer
from the sample will be the front wall reflection (tr1). Any reflections from
inside a sample i.e. a crack or bubble, are potential intermediate reflec-
tions. Back wall reflections are those from the far side of a sample (tr2).
The time of flight (TOF) is the difference in time between the excitation
pulse and the arrival of a reflected pulse. This can easily be measured
on an oscilloscope. From TOF data distances or velocities can be calcu-
lated through v = 2d
t
, taking into account the distance travelled is twice
the thickness. To calculate a thickness the velocity in the sample must be
known a priori, and vice versa. More complex methods exist [30] to mea-
sure a sample with unknown thickness and velocity. Such methods would
be employed when a sample is flexible, fragile or thin, and the act of mea-
suring the thickness with calipers may damage the sample. One of these
methods will be covered in Section 3.2.3.
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Figure 3.8: Ultrasonic pulse-echo immersion technique for determining a
sample’s thickness and/or velocity.
Acoustic Impedance
Pulse-echomeasurements can be utilised to determine the unknown acous-
tic impedance of a sample immersed in water. Equation (2.8) can be rear-
ranged to solve for the unkown impedance Z2
Z2 =
Z1 (−Rp − 1)
Rp − 1
(3.3)
where Z1 is the known impedance of water. The reflection coefficient Rp
can be obtained experimentally using the following method. First the am-
plitude of the signal tr1 from Fig. 3.8 is recorded. The sample is then re-
placed by a reference samplewith a smooth surface and known impedance/reflection
coefficent i.e. glass [11]. The amplitude of the signal from the reference is
recorded. The ratio of these amplitudes is multiplied by the reference re-
flection coefficient to obtain Rp.
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Figure 3.9: Ultrasonic pitch-catch immersion technique for determining a
sample’s thickness and/or velocity.
3.2.2 Pitch-Catch Measurements
Pitch-catch measurements require two transducers and are used to mea-
sure sample properties through which an ultrasonic pulse has passed, seen
in Fig. 3.9. As with pulse-echo measurements, TOF data are measured
with the sample present (ts) and removed (tw) i.e. the water path. Thick-
ness or velocity values can then be calculated as before.
Attenuation
The attenuation coefficient α(f) of a material can be measured using a
pitch-catch technique. A broadband pulse is transmitted through two
identical samples that differ only in thickness (i.e. d1 & d2). The magni-
tude spectra for each recorded pulse (A1(f) & A2(f)) are calculated via the
FFT. The attenuation coefficient over the range of frequencies present in
the broadband pulse can be calculated as
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α(f) =
−20 log
(
A2(f)
A1(f)
)
d2 − d1
(3.4)
3.2.3 Simultaneous Pulse-Echo and Pitch-Catch Measure-
ments
Both pulse-echo and pitch-catch measurements require a prior knowledge
of either the distance or velocity. Samples may be fragile, flexible or rough
hence measuring their thickness with a pair of callipers may be difficult
or damaging. Methods in the literature [30] exist to simultaneously de-
termine distance and velocity for samples where neither velocity or thick-
ness are known. These methods combine pitch-catch and pulse-echo data
and require multiple reverberations or additional reflectors. Onemeasure-
ment technique used in this research involved measuring the reflection
and transmission times from Fig. 3.10. The electrical connections were
switched to record tr4. The unknown thickness and velocity are calculated
d =
vw
2
[(tw − tr1) + (tw − tr4)]
v = vw
(tw − tr1) + (tw − tr4)
(ts − tr1) + (ts − tr4)
(3.5)
where vw is the velocity of water.
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Figure 3.10: Simultaneous ultrasonic pitch-catch and pulse-echo immer-
sion technique for determining a sample’s thickness and velocity.
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3.3 Electronics
The electronics associated with the ultrasound system were configured
to simultaneously operate in pulse-echo and pitch-catch modes between
10MHz and 100MHz allowing the three different types of immersion trans-
ducers to be swapped. The functionality is described below with refer-
ence to Fig. 3.11. An RF pulse (length, centre frequency, bandwidth, win-
dow...) was designed in Matlab on a personal computer and transfered
via ethernet (green line) to a Tektronix AFG 3252 240MHz function gener-
ator (FG). The pulse (blue line) is amplified by a Minicircuits ZHL-20W-13
RF power amplifier and excites the pulsing/pitching transducer. A P-I-
N diode switch protects the sensitive variable gain amplifier (VGA) from
the high voltage pulse and is controlled by the FG (red line). For pulse-
echo measurements, the small echo signals are amplified by the VGA and
recorded on a Yokogawa DL9240L 1.5GHz Oscilloscope, triggered by the
FG (magenta line). Pitch-catch measurements make use of the second
transducer where the signal is amplified by a Time Gain Compensated
VGA (Section 3.3.4) and recorded on the oscilloscope (cyan line). The
switch and VGA circuits were located on a custom Printed Circuit Board
(PCB) constructed and tested in 2009 prior to this work. External power
supplies provided +12V (Agilent E3620A) and ±15V (HP E3630A) and
GND. Appropriate voltage regulators and decoupling capacitors ensured
±5V and 12V were available for all components.
The transducers were positioned using Thorlabs LNR50VK3/M XYZ and
NR360SP3/M rotational stages with 10µm and 0.01◦ step sizes. The stages
connected via USB and were controlled through the commercial Thorlabs
software ‘APTUSER’. These stages allowed the position and aim of each
transducer to be controlled with 4 degrees of freedom; X, Y, Z and φ. The
φ corresponded to the pitch rotation of the transducer since the rotational
stage was mounted vertically. The precision and accuracy of the measure-
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Figure 3.11: Schematic of high frequency ultrasound system illustrating
function of electronic equipment and RF signal path.
ments depended on these stages.
3.3.1 Power Amplifier
A20WMinicircuits ZHL-20W-13 power amplifier amplified the pulse from
the FG. The amp was chosen for its flat gain (50dB) across a wide-band
(10 to 1000MHz) that covered the bandwidth of the transducers (10 to
80MHz). Input and output impedances were 50Ω and the amplifier could
withstand a full impedance mismatch (short or open) across all phases at
the RF output for power outputs not exceeding the maximum [31].
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3.3.2 Switch
A switch was employed to isolate and prevent damage to the separate
transmit and receive components. This was achieved by altering the signal
path during the two stages of a pulse-echo measurement, seen in Fig. 3.12.
The transmit part of the switch (TX SW)was constructed by placing diodes
in parallel with their polarities reversed, similar to the ‘Expander’ circuits
in the literature [32]. The high voltage (20Vpp) excitation pulse alternately
forward biased the diodes and enabled transmission of the pulse through
to the transducer. The low voltage echo pulse returning from the trans-
ducer was below the threshold voltage of the diodes and was rejected.
The receive part of the switch (RX SW) was constructed with two Coil-
craft WBC4-4L transformers with a 4:1 impedance ratio and two Agilent
HMPP-3890 PIN diodes chosen for their short carrier lifetime (τ = 200ns).
The first transformer was centre tapped to a square wave control signal
from the FG. The control signal was timed to be negative during the exci-
tation pulse, resulting in the PIN diodes turning OFF and rejection of the
large excitation pulse. This protected the sensitive VGA. The control signal
was switched to positive in time for the echo signal. The PIN diodes were
turned ON and the small signal, reduced further by the transformer turns
ratio, was allowed to pass as a small pertubation to the DC current, to
the second transformer (centre tapped to GND), which restored the small
signal to its original amplitude. The balanced nature of the circuit meant
largely only the RF was transmitted through the second transformer and
on to the VGA.
3.3.3 Variable Gain Amplifier
The Variable Gain Amplifier was used to amplify the echo RF signal re-
ceived from the switch. The amplifier consists of two wide-band (DC to
1000MHz) low noise (2.7dB noise figure) fixed gain (25.1dB) Gali-74+ am-
plifiers from Minicircuits [33] separated by a wide-band (10 to 2000MHz)
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Figure 3.12: Switching electronics employed during a pulse-echomeasure-
ments to protect sensitive amplifiers and choose appropriate RF signal
path.
MVA-2000+ variable attenuator from Minicircuits [34]. AC coupling was
required to prevent the internal DC biasing required by the amplifiers
from travelling through the switch’s transformer to ground. The ampli-
fiers were powered by DC connected to the RF output pin and required
inductors to prevent the RF signal ‘escaping’ through the power supplies.
Both amplifier and attenuator components werematched to 50Ω input and
output impedance. The maximum amplifier output power of 19.2dBm (at
100MHz) matched the maximum input power level of the attenuator of
19dBm. The combination of the three components resulted in a variable
gain of 45dB at 40MHz.
3.3.4 Time Gain Compensation Variable Gain Amplifier
Pitch-Catch measurements required an amplifier to raise the level of the
signals relative to noise to assist detection. An amplifier with variable gain
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designed, manufactured and tested by other researchers [35, 36, 37] was
employed to amplify the signals received at the second transducer. This
amplifier possessed a flat gain across a bandwidth of DC to 100MHz and
a variable gain range of 17-65 dB, corresponding to 48 dB of variable gain.
Time Gain Compensation (TGC) was used to further amplify signals that
arrive later in time. These later arriving signals had travelled a greater dis-
tance and were correspondingly attenuated to a greater extent. To counter
this exponential attenuation the amplifier was designed to provide TGC
through the use of linear-in-dB VGA components and was triggered by a
SYNC function from a FG. Separate potentiometers were used to control
the DC and TGC gain, enabling the amplifier to apply all-DC gain, all-TGC
gain or a combination of the two. Further details on the operation and con-
struction of this amplifier are available in the literature [2, 35, 36, 37].
3.4 Signal Processing
3.4.1 Matched Filtering
The time/range resolution of a (single frequency) system is limited by the
pulse length, as discussed in Section 3.1. To improve the resolution a pulse
of shorter duration (fewer cycles) or a higher frequency must be used.
However a reduction in pulse length has a corresponding loss in signal
energy which reduces the SNR and broadens the spectrum of the pulse.
Increasing the frequency past the specifications of the transducer can also
reduce the SNR. To improve the SNR the pulse length or signal amplitude
has to be increased, which requires more power from the system. Hence
increasing the resolution and SNR simultaneously is a difficult process.
A technique to overcome these SNR and resolution constraints is to use
matched filtering which is popular in RADAR [19, 38, 39]. Matched filter-
ing involves transmitting a linear frequency modulated (LFM) sinewave
or ‘chirp’ with appropriate windowing. An example for a transducer with
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centre frequency fc = 10MHz and bandwidth B = 10MHz is described
with reference to Fig. 3.13. The resolution of such a transducer at its high-
est frequency (15MHz) in water is 100µm. The chirp waveform (blue) has
been described [40]
C(t) = window× sin
(
ωat+
piBt2
T
)
0 ≤ t ≤ T (3.6)
where ωa = 5MHz is the starting angular frequency and T = 2µs is the
length of the chirp. The particular chirp used in this work had a 20% cosine
taper (Tukey) window [29]. The time reversal of the chirp is recorded for
reference (green). The received signal (red) consists of two chirps begin-
ning at 0.5µs and 8.5µs that are contaminated with additive white Gaus-
sian noise (AWGN). The received signal is passed through a filter with an
impulse response that is the time reversed reference signal i.e. the received
signal is convolved with the time reversed reference signal. Hence the fil-
ter ‘matches’ the expected signal. The result of filtering (orange) is two sinc
functions centered at 0.5µs and 8.5µs. This technique is commonly referred
to as ‘Pulse Compression’ as the filtering compresses the pulses energy to
a short period of time. The resulting resolution is inversely proportional
to the chirp bandwidth [38]
R =
c
2B
(3.7)
where c is the speed of sound. For the chirp used in this work the resol-
tuion is 75µm, an improvement on 100µm. The improvement in SNR is
significant.
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Figure 3.13: Process of Matched Filtering: a) Chirp (blue) and its time re-
versal (green), b) Typical received signal - two chirps at 0.5µs and 8.5µs
buried in noise, c) Result of Matched Filtering - two distinct peaks at 0.5µs
and 8.5µs.
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Chapter 4
Coating Thickness Measurements
This chapter details the investigation into the ultrasonic measurement of
coating thickness of two pultruded rods. Any significant variation in the
coating thickness of these rods is a potential manufacturing defect and
requires a non-destructive testing method for quick identification. The
first rod has a pultruded core and a coaxial sheath of extruded plastic ap-
proximately 1mm thick. The thickness of the sheath was found to vary
around the rod, considered an issue of the sheath/core concentricity. The
second rod had a pultruded core and paint coating approximately 90µm
thick. This investigation employed ultrasonic pulse-echo measurements
and time of flight signal processing methods to measure the thickness of
the coatings for these rod samples.
4.1 Sheathed Rod
The core of the sheathed rod is a white pultrusion of radius ri = 2.25mm
encased in extruded yellow plastic sheath 1mm thick. Ideally the sheath
and the core would be coaxial, however a number of samples were found
to have manufacturing defects relating to the thickness of the sheath and
the corresponding concentricity. A sample was cut in cross section to
demonstrate the defect which can be seen in Fig. 4.1. The white core
55
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Figure 4.1: Cross-section of a section of the sheathed rod showing the
white pultruded core and yellow sheath. A manufacturing defect is the
varying thickness of the sheath around the core and the shift of the core
to the right. The two rods share a parallel axis however are not coaxial as
their axes/centres are not in the same place.
is not concentric with the yellow sheath. The core and sheath share a
parallel axis, however the two are not strictly coaxial/concentric as their
axes/centres are not in identical locations. An investigation was under-
taken into the effectiveness of ultrasound as a non-destructive tool for de-
termining the thickness and concentricity of the sheath. First the likely
range of sheath thickness was calculated from the geometry of the rod,
followed by a FEA to model an ultrasonic pulse-echo measurement. Fi-
nally pulse-echo measurements were made on samples using a 50MHz
transducer.
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4.1.1 Sheath Thickness Model
This model provided an indication of the expected variation of sheath
thickness for a rod with the given dimensions. The sheath thickness was
assigned ∆r and the angle around the centre axis of the sheath was θ. For
any non-concentric rod, the offset of the core centre relative to the sheath
centre has a horizontal and vertical component, seen in Fig. 4.2(a). In this
diagram the core has shifted 3 (arbitrary) units in the horizontal and 4
units in the vertical direction. The entire rod can be rotated by an angle
θ0 such that the offset is simplified to 5 units in the horizontal direction
only. This omnidirectional offset of the core centre relative to the sheath
centre will be referred to as d. This rotation results in a line of symmetry
in the horizontal direction, seen as a dotted line. This symmetry enables
the range of angles required, θ, to be reduced to 180◦. From trigonometry,
the sheath thickness ∆r can be calculated from the following equations
γ = sin−1
(
d
ri
sin(θ − θ0)
)
l =
ri
sin(θ − θ0)
sin (180− (θ − θ0)− γ)
∆r = ro − l
(4.1)
where α, β, γ and θ are the angles defined in Fig. 4.2(b). ri is the radius of
the core and ro is the radius of the rod. The variation of sheath thickness
with angle is seen in Fig. 4.2(c) for a range of core centre offsets. At one
extreme the core and sheath are perfectly concentric, d = 0mm (blue) and
the thickness remains constant. At the other extreme, d = 1mm (magenta),
the core will be offset such that the sheath thickness will vary between
0mm and 2mm.
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Figure 4.2: a) Left to right: a concentric rod, two rods with a centre offset
of 3 and 4 in the horizontal and vertical directions respectively, and a rod
with a centre offset of 5 in the horizontal direction only. b) The angles de-
fined for a rod with a centre offset d that are used to calculate the thickness
of the sheath ∆r. c) Ideal curves for ∆r as θ varies from 0 deg to 180 deg.
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4.1.2 Finite Element Analysis
To represent an ultrasonic pulse-echo measurement for determining the
thickness of the sheath a model for Finite Element Analysis was created in
PZFlex. The model is presented in Fig. 4.3. The model was 400µm high,
2000µm wide and contained two regions of water (blue) with identical
properties, defined in Table 4.1. A region of plastic 1mm thick (yellow)
separated the water from a region of glass (white).
Velocity [ms−1]
Material Density [kgm−3] Longitudinal Shear
Water 1000 1480 -
Plastic 900 1950 1000
Glass 3000 5800 3380
Table 4.1: Properties of Water and Glass
Although the core of the rod was a pultrusion with many glass fibres the
macroscopic properties of the core were similar to glass. The top and
bottom boundaries were symmetric to ensure no edge effects, whilst the
left and right boundaries were absorbing to prevent unwanted reflections
from the edge of the model that would not occur in a real experiment.
A pulse was generated at the boundary between the two water regions,
in place of a transducer. The pulse shape was the second derivative of
the Blackman Harris window, with frequency content approximated by a
Gaussian at the centre frequency of 10MHz, seen in Fig. 4.4. This pulse is
refered to as a ‘blak’ pulse in PZFlex [41]. This pulse was chosen because
there is a distinct peak, helpful for indentification of the pulse’s position
in time, and the frequency content was well defined.
Snapshots of the simulation are seen in Fig. 4.5. The first snapshot (0.2µs)
shows the pulse propagating through the water. In the second snapshot
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Figure 4.3: The basic sheathed rod model. A transducer is immersed in
water in the vicinity of the sheathed rod. The PZFlex model represents the
red boxed area: Water, Plastic and Glass.
(0.5µs) the pulse has been partially reflected and transmitted at the water-
plastic boundary due to the acoustic impedance mismatch (Z=1.5MRayls
vs 2MRayls). The transmitted pulse propagated through the plastic with a
larger wavelength due to the higher acoustic velocity. At the plastic-glass
interface the pulse was mostly reflected due to the greater impedance mis-
match (Z=2MRayls vs 4MRayls), seen in the third snapshot (1.1µs). This
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Figure 4.4: A ‘blak’ pulse, the second derivative of the Blackman Harris
window. The frequency content of the pulse is approximated by a Gaus-
sian and is centred at the centre frequency fc.
second reflected pulse propagated back through the plastic and was par-
tially reflected and transmitted at the plastic-water boundary, from where
the transmitted pulse propagated back to the water-water boundary, seen
in the fourth snapshot (1.5µs). The acoustic pressure was recorded for
the entire simulation at the water-water boundary and the trace is seen in
Fig. 4.6.
The excitation pulse is at t = 0, the water-plastic reflection at t ∼ 0.6µs
and the plastic-glass reflection at t ∼ 1.6µs. The two reflection pulses
are 180◦ out of phase with the transmitted pulse, as expected from the-
ory. The thickness of the plastic was calculated by multiplying the velocity
v = 1950ms−1 by the time between the two reflections ∆t = 1.0225µs and
taking half the value, since the wave travelled the thickness twice. The
result was 0.996mm, in excellent agreement with the value defined in the
model of 1mmwith the error due to the time resolution of the model. The
amplitudes of the two pulses are determined by the reflection coefficients
at the boundaries hence the second reflection is larger than the first. How-
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ever if the attenuation of the plastic were to be included in the model the
second pulse could be smaller than the first, as would be observed in a real
experiment. This FEA model fulfilled its purpose in that it demonstrated
that a pulse-echo measurement can effectively determine the thickness of
a plastic sheath via knowledge of the plastic velocity and the timing of two
pulses that reflect due to acoustic impedance differences.
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Figure 4.5: Snapshots of the x displacement. At t = 0.2µs the pulse is
propagating through water, at t = 0.5µs the pulse has partially reflected
and transmitted at the water-plastic boundary, at t = 1.1µs the pulse has
partially reflected from the plastic-glass boundary and at t = 1.5µs the
pulse is propagating back through the water.
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Figure 4.6: Time-Pressure trace for PZFlex model representing a pulse-
echo model to determine the thickness of plastic. The first pulse is the
excitation, the second is the reflection from the water-plastic interface the
third is the reflection from the plastic-glass interface. The time delay be-
tween the two reflection pulses was 1.0225µs and in plastic (v = 1950ms−1)
this corresponds to a thickness of 99.6µm, in excellent agreement with the
defined thickness of 1mm.
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4.1.3 Experimental
The pulse-echo measurement required a value for the the plastic P-wave
velocity, commonly stated as 2000ms−1 [11]. A small section of plastic mea-
suring 5mm x 5mm x 5mm was cut from a rod. Using two 50MHz trans-
ducers in a combined pulse-echo/pitch-catch measurement, described in
Section 3.2.3, the velocity of the sheath was measured as 2300ms−1. Im-
mersion transducers were chosen since they provide a uniform acoustic
couplant to the cylindrical rod and have a small focussed beam. This small
beam size meant the rod surface was approximated as flat. A custom plas-
tic waterbath for these transducers had been constructed previously by
other researchers [2]. This waterbath was a cylinder of radius 65mm and
55mm depth. A circular hole had been cut out of the centre of the base
and O-rings fitted such that the bath could be mounted on a cylindrical
transducer, with its end face flush with the bottom of the bath, seen in
Fig. 4.7(a). This mounting ensured the ultrasonic beam was vertical with
respect to the bath and enabled a sample holder to be dipped in and posi-
tioned from above the water.
The transducer had an electrically isolated UHF type male connector on
its end that was bolted into a custom aluminium block for support. The
electrical connection was via a microdot socket mounted on the side of the
transducer. The rod was placed in a custom aluminium holder than had
two V-shaped prongs. This held the rod horizontal and allowed an ultra-
sonic beam to impinge on the centre of the rod. The holder was attached to
a Thorlabs XYZ stage, enabling the holder and sample to be moved such
that the sample was at the focal point of the ultrasonic beam. Since the
sheath thickness was to bemeasured for a full rotation around the rod axis,
a protractor systemwas devised. A small hole φ = 1mmwas drilled across
the rod and a thin piece of aluminium pushed through the hole to act as a
marker. A clear piece of plastic was attached to the sample holder with 10◦
increments marked around the centre of the rod, seen in Fig. 4.7(b). This
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provided a crude measurement of the angle that the rod had rotated, with
an error of ∼ ±3◦. Although this error was relatively large, it was accept-
able as only a rough indication of the angle was required for this proof of
concept measurement. The pulse used for initial measurements was a 5
cycle cosine centred at 25MHz with a Hann window to ensure a distinct
peak and narrow frequency band. This frequency was chosen because it
was within the bandwidth of the transducer and ensured the frequency
dependent attenuation through water was reduced. As a result the length
of the pulse was 200ns and the resolution reduced to 200µm. This was ad-
equate because the first sample tested was close to an ideal concentric rod
so the measurement was not near this resolution limit. A typical oscillo-
scope trace for a pulse-echo measurement is seen in Fig. 4.8.
The first noteable feature is the three voltage spikes at∼ 10µs, the first and
third are due to the control signal for the PIN diode switch, while the sec-
ond is the excitation pulse from the FG. There are pulses at ∼ 30, 50, 70
and 90µs which are due to 19µs delay line reflections in the transducer.
These pulses are ignored as they contain no data about the sample. The
pulses of interest are at ∼ 47µs and are shown surround by a red box.
These pulses are from the sample and have been gated, seen in the two
bottom traces for sample orientations of 0◦ and 270◦. In the 0◦ trace there
are two pulses are separated by ∼ 0.5µs, corresponding to a sheath thick-
ness of 0.5mm. The SNR of the second pulse was 37dB enabling the pulse
to be easily identified. Turning to the 270◦ trace, the pulses are separated
by ∼ 1.15µs, corresponding to 1.15mm. The SNR for this second pulse (at
t = 47.8µswas only 12dB due to the attentuation from travelling further in
the plastic. This pulse had the smallest SNR for the entire measurement. A
script in Matlab combined the traces for all 36 measurements and graphed
the calculated sheath thickness ∆r, seen in Fig. 4.9(a). A Least Squares fit
of the data to (4.1) was completed using the ‘lsqcurvefit’ algorithm and
this fit is displayed as a red dotted line. The fit determined the shift of
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the core centre d and the rotation required to find the line of symmetry θ0
described in Section 4.1.1. In Fig. 4.9(b) the data is presented as a cross
section of a rod, with the black line defining the sheath and magenta the
line of symmetry. This cross section provides a useful visualisation of the
accuracy of the measurement.
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(a) Sheathed rod sitting on custom aluminium holder in customwa-
ter bath. The transducer face is the clear circle inside the black ring
in the centre of the photo. The lens is the clear circle in the centre of
the transducer face.
(b) Custom protractor in water bath for measuring the angle of the
sheathed rod
Figure 4.7: Photographs of immersion setup for measuring thickenss of
sheathed rod.
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Figure 4.8: Typical oscilloscope traces for a measurement of the sheath
thickness. The top trace shows the entire record for a pulse-echo measure-
ment. At 10µs there are three pulses, the first and third are from the con-
trol signal for the PIN diode switch while the second is the pulse from the
function generator. Delay line reflections are seen at ∼ 30, 50, 70 and 90µs
and can be ignored. The pulses of interest are in the red box at ∼ 47µs and
are reflections off the sample. These signals are shown in greater detail for
the rod orientated at 0◦ and 270◦. At 0◦ the second signal (from the core)
is strong with a high SNR (37dB). However at 270◦ the SNR of the signal
from the core is much less (12dB) and is hard to distinguish at the given
scale at t = 47.8µs. The small signal is due to attenuation of the wave that
travelled a greater distance through the plastic.
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(b) Measurement presented as a cross section.
Figure 4.9: Experimental sheath thickness measurement results.
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4.2 Painted Rod
The second rod investigated had a pultruded core 10.00mm in diameter
coated in a thin layer of paint between 80µm and 100µm thick [5]. To cal-
ibrate for the paint properties a 5mm square sample of paint was cut and
peeled from a rod. A combination pulse-echo/pitch-catch ultrasonic mea-
surement at 25MHz was used to simultaneously determine the velocity
and thickness of the sample, measured as 2000ms−1 and 160µm respec-
tively. This sample was too thin to be measured accurately with calipers.
The expected thickness of ∼ 90µm influenced the minimum frequency re-
quired to resolve the paint thickness in an ultrasonic pulse-echo measure-
ment. Since the paint thickness was to be measured using the 50MHz
transducers the pulse had to be between 25MHz and 60MHz. To achieve
high resolution a high frequency must be used, hence the highest resolu-
tion for a single cycle pulse at 60MHz would be 17ns. However due to the
preference to use a 5 cycle pulse for improved SNR, the resolution would
deteriorate to 84ns, close to the expected thickness of 90µm. The scatter-
ing from the fibres on the surface of the core, attenuation through water at
this high frequency and transducer impulse response would significanly
reduce the amplitude of the signal received in a pulse-echo measurement.
To counter these effects matched filtering was chosen to achieve the de-
sired resolution.
An investigation into the abilities of the matched filter was conducted. A
chirp was created in Matlab with a bandwidth from 30MHz to 60MHz
lasting 200ns with a Tukey window (coefficient = 0.2), seen in Fig. 4.10
as the blue line. This chirp excited a 50MHz transducer in a pulse-echo
measurement that reflected the pulse off a flat sample of glass. The oscil-
loscope trace was recorded and gated to isolate the reflection pulse, seen
in Fig. 4.10 as the green line.
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Figure 4.10: Waveform and spectral components of excitation chirp pulse
(blue) (Properties: T= 200ns, ∆f = 30MHz → 60MHz, Tukey window
coefficient = 0.2) and recorded pulse (green), reflected off glass block im-
mersed in water.
The first noticeable difference between the two chirps is the frequency con-
tent. This is explained by the attenuation of higher frequencies, seen in
the spectral amplitudes, due to the water path and the impulse response
of the transducer (convolving with the voltage pulse while transmitting
and the pressure pulse while receiving). The functionality of the matched
filter and peak detection algorithm that were developed in Matlab are de-
scribed with reference to Fig. 4.11.
Two chirp pulses arrive at the transducer and are overlapped by 34ns, the
second is one third the amplitude of the first, seen in a). The two pulses
(blue and red) are summed with AWGN to represent a real system, seen
in b). A matched filter is applied to the observed pulse, with the impulse
response the time reversal of one of the chirps. The output of the matched
filter is seen in c) with the peak identified by a red cross. This peak cor-
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Figure 4.11: Two overlapping pulses, in a), are summed with AWGN
to simluate the pulse observed on an oscilloscope, displayed in b). A
matched filter, with impulse response the time reversal of one of the
chirps, produces a pulse with a single peak that is detected, displayed in
c), that corresponds to the first chirp. The output of the matched filter to a
single chirp, d), is subtracted from c) to produced e), from which a second
peak corresponding to the second chirp, is detected. The time difference
between the two peaks is calculated and is in excellent agreement with the
defined overlap.
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responds to the first (blue) pulse. The peak for the second pulse is not
observed. This is due to the two pulses overlapping. The method de-
scribed in Section 3.4.1 did not account for overlapping pulses. To separate
the overlapping pulses, the output of an ideal matched filter - the output
from a single chirp with the filter, displayed in d) - is subtracted from the
matched filter output. The result is displayed in e). The peak of the sub-
tracted matched filter output is found, which corresponds to the second
(red) pulse. The time difference between the two peaks was calculated as
34.24ns, in excellent agreement with the defined overlap of 34ns.
One advantage of this signal processing process is the reduction of noise
by the matched filter achieved because the noise is random and not cor-
related to the filter. The signal of interest could be completely buried in
noise and still be detected due to the random nature of the noise. Another
advantage is the second chirp can be significantly smaller than the first
and it will still have a distinct matched filter response and corresponding
peak that can be detected. To test the resolution limit of the chirp and sig-
nal processing system the overlap of the two chirps was varied from 10ns
to 150ns. The result of the process is seen in Fig. 4.12.
For overlap times greater than 19ns the calculated time is in excellent
agreement with the defined time with an average error of 0.3ns. Below
19ns the error of the calculated time exceeds 5% of the defined time which
is expected since the highest resolution was calculated as 17ns, the differ-
ence being the small attenuation of higher frequencies identified above.
The chirp and signal processing used provide the required resolution to
detect paint thicknesses less than the expected value of 80µm. A pulse-
echo measurement was performed on a rod from which the paint thick-
ness was calculated as 97.92µm, seen in Fig. 4.13.
To determine the systematic error of the process ten measurements were
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Figure 4.12: Output of matched filter when detecting two chirp pulses that
are overlapping by a defined ∆t. The accuracy is excellent for overlaps
greater than 19ns, as predicted from theory.
made without moving the rod. The result remained at 97.92µm with an
error of ±0.04µm, which corresponds to the sampling rate of the oscillo-
scope (2.5GHz). The paint thickness measurement was repeated at fifteen
random loctions on the rod and the peak detecting algorithm employed to
calculate the thickness location, with the results seen in Fig. 4.14. The paint
thickness was found to vary between 80µm and 130µmwith a mean thick-
ness of 101.94µm, in excellent agreement with the manufacturer’s specifi-
cation of between 80µm and 100µm [5].
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Figure 4.13: a) Oscilloscope trace for pulse-echo measurement on painted
rod, b) ideal matched filter output, c) peak for paint surface pulse and d)
peak for core pulse with ∆t = 97.92ns corresponding to a paint thickness
of 97.92µm.
4.3. CONCLUSION 77
2 4 6 8 10 12 14
0
50
100
150
Pa
in
t T
hi
ck
ne
ss
 [µ
m
]
Measurement Repitition
Figure 4.14: Measurements of paint thickness in 15 random positions,
black dotted lines represent the expected thickness [5].
4.3 Conclusion
This work on coating thickness measurements proved successful in that
the thickness of either a sheathed or paint layer could be easily measured
accurately with a high frequency ultrasonic immersion transducer. The
FEA modelling demonstrated the effectiveness of a pulse echo measure-
ment at measuring layer thickness ultilising the time of flight data and a
known velocity. Chirped waveforms and matched filtering were shown
to improve the resolution limit of the system. The practicalities of fitting
such a system to a production line were beyond the scope of this work
but one could imagine that attaching a water bath with o-rings built into
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either side to allow the rod to pass through could be feasible. The use of
water jets could provide a means of coupling the transducer to the sample
without requiring a bath.
Chapter 5
Surface Waves and Crack
Detection
This chapter details the investigation into the use of leaky Rayleigh waves
as a probe for detecting surface cracks in materials, particularly glass and
fibre reinforced composites (FRC). Finite Element Analysis provided an
insight into the propagation of leaky Rayleigh waves and complimentary
experiments were performed on a glass sample to develop a reliable tech-
nique for launching and detecting Rayleigh waves. An artificial crack was
introduced to the sample to verify the techniques. Finally an FRC sample
was investigated.
The initial motivation for this portion of work was to develop a tech-
nique capable of detecting longitudinal surface cracks in FRC rods, like
that shown in Fig. 5.1. In order to reflect a Rayleigh wave off a longitu-
dinal crack the propagation direction must be perpendicular to the crack.
In this case the wave should propagate around the circumference of the
rod. This requires the Rayleigh wave to successfully propagate around the
curved surface which complicates the measurement at high frequencies as
it is necessary to satisfy the wavelength/radius ratio of 1.7 [14]. In FRCs
such a measurement would be further complicated by the presence of the
79
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Figure 5.1: Schematic representation of a fibre reinforced composite rod
with a longitudinal surface crack. The plane of isotropy is the blue cross
section.
glass fibres in the anisotropic rod which would act as multiple scatterers
to Rayleigh waves. As a means to gain experience with launching and de-
tecting Rayleigh waves a glass block was investigated as it was smooth,
flat and isotropic.
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5.1 Glass
5.1.1 Experimental Velocity Measurements
A sample of soda lime glass measuring 56mm long, 18mmwide and 5mm
deep with parallel faces was used. A pitch-catch measurement was per-
formed across the thinnest dimension. Using the experimental setup from
Fig. 4.7(a) a second transducer was dipped into the water from above
as a receiver. The velocity of a P wave in the sample was calculated as
5800ms−1. To measure the velocity of a shear wave the was inclined at
20◦ (past the longitudinal critical angle of 14.8◦) and the pitch-catch mea-
surement repeated. Refraction caused the propagation direction to change
which was accounted for by moving the catching transducer laterally and
numerically solving for a range of velocities. The shear velocity was calcu-
lated as 3380ms−1. Having knowledge of the longitudinal and shear veloc-
ities the Rayleigh velocity was calculated via (2.1) as 3103ms−1 with a cor-
responding critical angle of 28.4◦. The 1/e distance of the leaky Rayleigh
wave was calculated as 1.3mm for 15MHz and 3.9mm for 5MHz.
5.1.2 Finite Element Analysis
With the knowledge of the velocities of P, S and R waves an FEA model
was created to investigate the generation of Rayleigh waves using critical
angles and the propagation of a Rayleigh wave along the surface of the
glass plate. The model is seen in Fig. 5.2 and consisted of two identical re-
gions of water and one region of glass, with properties listed in Table 5.1.
The two regions of water were required to form an angled boundary to
generate the pulse.
At the 28◦ water-water boundary a two cycle sinusoidal pulse was gener-
ated. This pulse was centred at 5MHz to simulate the lowest frequency
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Figure 5.2: PZFlex model for a glass half space immersed in water. A pulse
centered at 5MHz was generated in the water at the Rayleigh angle. The
dotted line signifies the location of a crack, utilised in later work.
Velocity [ms−1]
Material Density [kgm−3] Longitudinal Shear Rayleigh
Water 1000 1480 - -
Glass 3000 5800 3380 3103
Table 5.1: Properties of Water and Glass
that could be achieved with the available equipment. In addition, the use
of this lower frequency led to an increase in element size and a decrease in
the CPU time required to complete the FEA. The width of the water-water
boundary was 900µm, the same as the -6dB beamwidth for the 20MHz
transducer at that frequency. Four snapshots from the FEA are presented
in Fig. 5.3.
The first snapshot (t = 1.5µs) shows the pressure pulse travelling through
the water at an angle of 28◦ relative to the surface normal, the Rayleigh an-
gle for this combination of materials. The wave is mostly planar except for
edge effects. These edge effects occur because the elements at the edges
act as point sources generating circular, radially expanding waves which
can be ignored for the purposes of this simulation. The second snapshot
(t = 3µs) shows part of the pulse reflecting off the surface of the glass with
a phase of pi relative to the incident wave. There is a shear wave in the
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glass, identified by the curved wavefront, due to the edge effects from the
source hence it can be ignored. There is a wave just below the surface of
the glass which is suspected to be a Rayleigh wave. The third snapshot
(t = 5.7µs) shows the full width of the initial pulse having reflected and
the suspected leaky Rayleigh wave propagating along the surface with
the corresponding leaked energy. Finally the fourth snapshot (t = 9µs),
shows the suspected leaky Rayleigh wave having propagated along the
surface with a significant reduction in magnitude. To confirm that the
leaked energy was from a Rayleigh wave it needed to display three char-
acteristics; the surface wave velocity needed to be accurate, the amplitude
of the leakedwave needed to decay exponentially and the phase difference
between the specular and non-specular reflections needed to be pi (already
observed in the second snapshot). To verify the velocity and exponential
decay the pressure was recorded at individual elements 1mm above the
surface spaced at regular intervals across the width of the simulation., The
results are seen in Fig. 5.4.
The peak of each trace was extracted (time and amplitude) and the rela-
tionship between the distance and peak time (after the non-specular peak)
was confirmed as linear, with a slope calculated as 3115ms−1. This velocity
had an 0.4% error relative to that calculated earlier of 3103ms−1, validating
the measurement. The relationship between the peak amplitude and dis-
tance was investigated and an exponential decay found to be an excellent
fit to the data. The 1/e characteristic length of the exponential decay fit
was 3.5mm, in agreement with the expected length of 3.9mm for 5MHz.
To experimentally verify the existence of a Rayleigh wave on the glass
sample a critical angle reflection measurement was performed. This mea-
surement was pitch-catch in that one transducer was a transmitter and
another was a receiver however it differed from those discussed in Sec-
tion 3.2.2 because it was a reflection measurement rather than transmis-
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sion. Two 20MHz transducers were positioned at θi = 28.4
◦ (relative to the
surface normal), seen in Fig. 5.6(a). To achieve this configuration experi-
mentally a transducer was bolted into a block that was bolted to a single
direction rotational stage. This rotational stage was mounted vertically to
an XYZ stage allowing control of the location of the transducer in X, Y and
Z, along with the rotation of the transducer. The rotation of the transducer
was equivalent to pitch rather than roll or yaw, seen in Fig. 5.5.
A pulse with centre frequency fc = 15MHzwas transmitted and the catch-
ing transducer aligned with the specular reflection. The catching trans-
ducer was moved in 100µm steps away from the pitch transducer, parallel
to the surface. At each step a voltage-time trace was recorded on the oscil-
loscope using signal averaging to increase the SNR. As with the FEA the
Rayleigh wave velocity was determined by calculating the slope of the lin-
ear fit between the distance and peak time for the data on the exponential
tail. The velocity was calculated as 3140ms−1, with a 1.2% error relative to
the velocity of 3103ms−1 calculated earlier, validating the measurement.
The distance-amplitude datawere plotted and twomaximawere observed,
the first from the specular reflection and second from the leaky Rayleigh
wave. The two peaks were separated by 1mm. The tail was fitted with
an exponential decay with a 1/e characteristic distance of 1mm, close to
the expected value of 1.3mm for glass at 15MHz. This small change in
the characteristic distance can be explained by absorption of the Rayleigh
wave in the glass. It is unlikely that the reduction is due to water ab-
sorption as the distance travelled in the water by the leaked wave from
the surface to the receiving transducer remained constant. To measure
the phase of the specular and non-specular reflections a chirp waveform
was used with matched filtering and the phases of the pulses were mea-
sured as pi relative to each other. The velocity, exponential decay and phase
flip observed in the experimental data confirmed the existence of a leaky
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Rayleigh wave. This work confirmed that a leaky Rayleigh wave could
be successfully launched onto an immersed glass sample and detected via
critical angle excitation with the equipment available.
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Figure 5.3: Snapshots from FEA simulation of glass surface immersed in
water. The first snapshot (t = 1.5µs) shows the pulse travelling through
the water at the Rayleigh angle before partially reflecting in the second
snapshot (t = 3µs). In the third snapshot (t = 5.7µs) a leaky Rayleigh
wave is propagating along the surface of the glass and the leaked energy
is observed. The amplitude of the leaky Rayleigh wave and the leaked
energy have decayed with distance, seen in the fourth snapshot (t = 9µs).
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Figure 5.4: Time-Pressure data recorded at regular distance intervals
above the surface of the glass in Fig. 5.2. The time of the peak for each
distance interval was extracted and a linear fit applied to determine the
velocity of 3115ms−1. The peak amplitude for each distance interval was
extracted and an exponential decay fitted, confirming the decaying nature
of the leaky Rayleigh wave.
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Figure 5.5: Experimental configuration for critical angle excitation of leaky
Rayleigh waves on a sample. Each transducer is bolted to a block attached
to a rotational stage mounted on an XYZ stage allowing 4 degrees of free-
dom for the motion of the transducer. The rotational stage was mounted
vertically to change the angle of incidence.
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(a) Schematic of pitch-catch measurement to investigate leaky Rayleigh
waves. A pitching transducer at the Rayleigh critical angle excites a lon-
gitudinal wave in water which is partially specularly reflected. The re-
maining energy generates a leaky Rayleigh wave and non-specular re-
flection. A catching transducer is scanned along the surface and mea-
sures the specular and non-specular reflections.
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(b) Distance-amplitude data for experimentally observed leaky
Rayleigh wave on the surface of glass immersed in water with
fitted exponential decay. The distance-time data of the leaky
Rayleigh and corresponding linear fit to determine the velocity
as 3140ms−1.
Figure 5.6: Experimental method to verify the existence of a leaky
Rayleigh wave on a fluid loaded surface.
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Figure 5.7: Finite Element model to investigate propagation of a leaky
Rayleigh wave around a curved surface
5.2 Circular Cross Section Glass Rod
Since the FRC rod was circular in cross section an investigation into the
propagation of a Rayleigh wave around a curved surface was conducted.
An FEA model similar to that in Fig. 5.2 was created but the glass was
changed from a flat surface to a circular section, seen in Fig. 5.7. The ra-
dius of the circle was 10mm and the leaky Rayleigh wave wavelength was
560µm, far exceeding the radius/wavelength ratio minimum of 1.7 [14].
Hence the leaky Rayleigh wave was expected to propagate around the
rod uninhibited. The centre of the circle was placed such that the ultra-
sonic pulse would impinge at the Rayleigh angle at the top of the circle.
Snapshots from the simulation displaying the acoustic pressure are seen
in Fig. 5.8.
The first snapshot shows the pulse having impinged on the glass and due
to the edge effects of the source a longitudinal and shear wave have been
excited in the glass. A leaky Rayleigh wave is also present at the surface
near the top of the circle. In the second snapshot the leaky Rayleigh wave
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is observed to have travelled around the curve with a slight reduction in
amplitude due to the energy leakage. Finally in the third snapshot the
leaky Rayleigh wave has travelled further and leaked more energy. Of
note is the curved nature of the leaked energy.
The pressure was recorded at regular intervals above the surface of the
glass and the time of the peak in the leaked energy recorded. From this
data a velocity measurement was made, seen in Fig. 5.9. The calculated ve-
locity was 3116ms−1, in excellent agreement with the velocity of 3115ms−1
measured for the flat sample FEA. The amplitude of the leaked energy as
it travelled was exponentially decaying. This suggested that no other en-
ergy losses were occuring and the Rayleigh wave was propagating around
the curve with complete transmission.
Attempts were made to experimentally measure the propagation of the
leaky Rayleigh wave around a curved rod. However these attempts were
unsuccessful. The difficulty in stepping a receiving transducer around the
circumference of the rod while ensuring the water path of the leaked en-
ergy would remain constant was significant. The physical size of the water
bath and the requirement to prevent the electrical connections submerg-
ing restricted the range of motion of the transducer, further inhibiting the
practicality of the measurement. Such a measurement could be made eas-
ier through the use of needle hydrophones as they are omnidirectional,
can be placed much closer to the surface and the point at which they are
recording is optically visible.
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Figure 5.8: Snapshots of a leaky Rayleigh wave propagating around the
curved surface of a glass rod, having been excited by a critical angle lon-
gitudinal wave.
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Figure 5.9: Calculated velocity of 3142ms−1 for leaky Rayleigh wave prop-
agating around a curved glass surface, with an error of 0.9% relative to the
velocity of 3115ms−1 measured for the flat surface.
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5.3 Crack Detection
Rayleigh waves have been used as probes for detecting surface cracks for
over half a century [14] and recent studies have investigated the behaviour
of Rayleigh waves at cracks [7, 42]. The behaviour of a Rayleigh wave inci-
dent on a crack is similar to that of a BAW incident on a boundary between
media with different acoustic impedances. The Rayleigh wave will also
partially reflect and transmit because of the acoustic impedance difference
between the surface and the crack (possibly filled with air). However for
Rayleigh waves the proportion of energy reflected/transmitted depends
on additional factors, namely the depth of the crack relative to a wave-
length, the angle of the crack relative to the surface, the width of the crack
and the sharpness of the corner where the crack meets the surface. The re-
flection and transmission phenomena of a leaky Rayleigh wave at a crack
were investigated by adjusting the model in Fig. 5.2 to include a crack, re-
alised by including a region of water inside the dotted line. This crack was
much deeper than the wavelength. Two snapshots from the FEA are seen
in Fig. 5.10.
The first snapshot shows the leaky Rayleigh wave propagating from left
to right towards the crack. Again a shear wave is present due to the fi-
nite source and edge diffraction. The second snapshot shows the Rayleigh
wave having partially reflected off the crack and travelled back towards
the left, however the amplitude has reduced since only part of the energy
was reflected. Correspondingly there is leaked energy propagating from
right to left at the Rayleigh angle. At the crack some energy was mode
converted into bulk (longitudinal and shear) waves that propagated into
the solid. Some energy diffracted off the tip of the crack into the water
as radiating longitudinal waves. The remaining energy was transmitted
around the corner of the crack edge and down the crack. The sharpness of
the corner defines how much energy will transmit around and down the
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crack, since the corner can be considered to have a radius [14]. Sharp cor-
ners will have a very small radius and little energy will propagate around.
In contrast, blunt or rounded corners will have a larger radius allowing
more energy to propagate around the corner. Since the crack here was
much deeper than wavelength the reflected energy would be frequency
independent. To contrast, if the crack was shorter than a wavelength,
long wavelength Rayleigh waves would pass undernearth the crack while
short wavelengths would reflect. This is the motivation for using spec-
troscopy [6, 7, 42] in crack detecting measurements as the depth of the
crack could be determined bymeasuring the frequency content of reflected
and transmitted Rayleigh waves.
From this simulation it was concluded that there are two potential meth-
ods for detecting a crackmuch deeper than awavelength. The first method
is a pulse-echomeasurement using a single transducer to excite a Rayleigh
wave then detect any energy that reflected off the crack and leaked back
to the transducer. The transducer would already be at the critical angle
so the leaked energy from the reflection would be detected. The timing of
the reflected pulse would assist in determining the location of the crack.
The second method is a pitch-catch measurement that would involve off-
setting the catching transducer, measuring the leaked energy signal and
comparing this to a crack free surface. If the signal amplitude deviated
significantly from the exponential decay a crack would be indicated.
To investigate the efficacy of these methods an artificial crack was created
in the glass sample by cutting a notch into the surface of the glass plate
with a dicing saw. The crack measured 1mm deep and 200µmwide hence
it was estimated that Rayleighwaves with frequencies above 3MHzwould
be fully reflected.
To test the pulse-echo method a 20MHz transducer was set to the criti-
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cal angle and aimed at the surface of the glass approximately 1mm away
from the crack. A 15MHz signal was launched and observed on the oscil-
loscope. To confirm that this signal was from a reflected leaky Rayleigh
wave the velocity was measured by stepping the transducer closer to the
crack in 100µm intervals and recording the time of the peak for each oscil-
loscope trace. The relationship between the step distance and peak time
would have to be linear with a slope half that of the expected∼ 3100ms−1,
due to the actual change of distance being twice the step distance. A lin-
ear relationship is seen in Fig. 5.11(b) however the measured velocity was
3206ms−1, 106ms−1 greater than the expected velocity.
The difference was suspected to be from diffraction off the tip of the crack
travelling directly through the water to the transducer, seen as the dotted
line in Fig. 5.11(a). However this was unlikely as the lens and the angle of
the transducer ensured the strongest signals received would be propagat-
ing along the beam axis. Through trigonometry it was shown that a wave
diffracted off the crack corner that travelled directly to the transducer
face would result in a slower velocity measured when the transducer was
stepped. Since the measured velocity was greater than that expected the
idea of the diffracted wave was subsequently invalid. This pulse-echo
method was proven successful and the range over which a crack could be
detected was approximately 1mm due to the small 1/e distance for glass
in water and only partial reflection of the energy at the crack.
The pitch-catch method seen in Fig. 5.6(a) was also evaluated for crack de-
tection. A measurement was first performed on a part of the glass slide
with no crack present. The amplitude of the peaks for the leaky Rayleigh
wave were extracted and fitted an exponential decay, seen in Fig. 5.12 as
the blue line.
The pitching transducer was moved so that its focal spot was approxi-
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mately 3mm away from the crack. The pitch-catch measurement was re-
peated and the peak amplitudes plotted as the green line, which follows
the decaying exponential trend until 1.8mm, where the amplitude rapidly
decreases. This signified a reduction in the amplitude of the leaked energy
hence the leaky Rayleigh wave had reflected off the crack and not prop-
agated past. The measurement was repeated with the distance between
non-specular peak and crack reduced by 500µm each time, seen as the red,
cyan, magenta and yellow lines. Each repitition shows a sudden decrease
in peak amplitude at 1.3mm, 0.8mm, 0.3mm and 0mm, validating the re-
flection pitch-catch method of surface crack detection for a range of up to
approximately 2mm.
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(a) Leaky Rayleigh wave propagating towards a crack.
Leaked energy
Reflected leaked energy
Longitudinal and shear
Edge effectsReflected Rayleigh
(b) Leaky Rayleigh wave having partially reflected from a crack and
mode converted into bulk acoustic waves.
Figure 5.10: Simulation of leaky Rayleigh wave behaviour at a surface
crack in glass.
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(a) Schematic of pulse-echo crack detection measurement where a leaky
Rayleigh wave is excited at the critical angle (black) then is reflected off
of a crack and leaks back to the transducer (blue). The dotted line is the
propagation path of the tip diffraction from crack to transducer.
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(b) Measurement of Rayleigh velocity where the linear fit has a slope
1643ms−1 but the propagation distance was twice indicated hence the
velocity actually is 3286ms−1.
Figure 5.11: Pulse-echo Measurement for crack detection on glass.
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Figure 5.12: Peak amplitude of pulse received in reflection pitch-catch
measurement. The blue line is the result for a smooth surface, where the
amplitude decays exponentially with distance. The green line is for the
measurement where a surface crack was 1.8mm from the peak of the non-
specular reflection, identified by the distinct drop in amplitude away from
the exponential. The red, cyan, magenta and yellow lines are the same as
the green line except the crack was 1.3, 0.8, 0.3 & 0mm away from the
non-specular peak, respectively.
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5.4 Fibre Reinforced Composite Rods
5.4.1 FEA of Wave Propagation
A sample of a glass FRC was obtained with surface cracks roughly one
tenth of a millimetre wide. As the rods consist of long, thin (20µm) glass fi-
bres embedded in an epoxy resin the rods are significantly stronger in their
long dimension and are considered anisotropic. The other two dimensions
are identical and form a plane of isotropy, seen as the blue cross section in
Fig. 5.1. This type of anisotropy is defined transversely isotropic [43] while
the surface crack is in the longitudinal direction. To detect a crack with this
orientation, the Rayleighwave would have to travel around the circumfer-
ence of the rod, in the plane of isotropy. The FEA in this section was then
conducted on models based on this cross section. In a 2D respresentation
these fibres present multiple circular scatterers to a Rayleigh wave .
To successfully model the FRC rod a knowledge of the fibre density was
required. A cross section was cut and polished with a diamond paste to a
finish of 1µm using a Struers Tegrapol machine. Micrographs were taken
using an Olympus ColorViewµ camera mounted to an Olympus BX51 mi-
croscope. The micrographs can be seen in Fig. 5.13(a). Image capture
software was employed to determine the radii of the fibres, calculated as
∼ 10µm, in agreement with the manufacturer’s specification [5]. A cir-
cle detection algorithm [44] in Matlab was employed to calculate the fibre
density from the micrograph images. The algorithm output the centres
and radii of the detected circles, seen in Fig. 5.13(c). The detected circles
were overlayed on the original image and the accuracy of the algorithm
was very good. The vast majority of circles, with their entire area within
the bounds of the image, were detected. The exceptions were those on the
edge of the images where less than half of their area was in the image.
These exceptions are to be expected as all images must have an edge. Ad-
ditional circles were detected that didn’t correspond to a fibre, however
102 CHAPTER 5. SURFACEWAVES AND CRACK DETECTION
they amounted less than 10% of the circles detected. The density was cal-
culated by summing the number of pixels within the detected circles and
dividing by the total number of pixels with a result of 54%. This result was
in agreement with manufacturer’s quoted range of 50% − 85% [4].
To complement the micrographs SEM images were created using a JEOL
JSM-5300LV, seen in Fig. 5.14. The circle detection algorithm was applied
to a portion of Fig. 5.14(a) and yielded similar results to the micrographs.
The density was calculated as 53% and there were significantly less false
positive results. However a greater number of circles missed detection.
One advantage of the SEM images was the clear identification of the extent
of a surface crack, identified as a lack of fibres extending 2mm down from
the surface of the rod. This depth would determine the frequency of the
Rayleigh wave. A second advantage was the high magnification and reso-
lution achieved for an image of the surface of the rod, seen in Fig. 5.14(b).
The 10µm radius fibres are present at the surface of the rod, with epoxy
filling the gaps between fibres resulting in a smooth surface. This prox-
imity of fibres to the surface suggests that the surface would present as a
series of sub wavelength diffusive scatterers, as opposed to the approxi-
mation of a flat surface or specular reflector.
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(a) Micrograph of polished cross section of
FRC rod taken at surface of rod.
(b) Micrograph of polished cross section of
FRC rod, displaying fibre dimensions.
(c) Result of circle detection algorithm applied to
micrograph of FRC rod. Resulting fibre density is
54%.
Figure 5.13: Micrographs of a cut and polished cross section of the fibre
reinforced composite rod.
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(a) SEM of polished cross section of fibre rein-
forced composite rod, displaying surface of rod,
distribution of fibres and surface crack
(b) SEM of surface of polished cross section of
fibre reinforced composite rod, distribution of fi-
bres and surface crack.
Figure 5.14: SEM images of cut and polished cross section of fibre rein-
forced composite rod.
.
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Figure 5.15: FEA model of plane of isotropy in FRC rod - glass fibre circles
embedded in resin with distribution taken from circle detection algorithm.
From the circle detection algorithm an FEA model of the cross section
of the FRC rod was generated, seen in Fig. 5.15. A single cycle sinusoid
was generated at the left boundary. The top and bottom boundaries were
symmetric to ensure there were no edge effects. To investigate the effects
of scattering the frequency was varied starting at 5MHz and sequentially
doubled up to 80MHz. Snapshots from the FEA are presented in Fig. 5.16.
The first snapshot (top left) for 5MHz shows the pulse propagating across
the model from left to right with small pertubations to the wave due to
scattering. However the affect is small due to the scatterer dimension be-
ingmuch less than the wavelength. The second snapshot (top right) shows
the pulse having propagated past the model, with small amounts of en-
ergy reverberating between scatterers. The same behaviour is observed
for the 10MHz snapshots, but the effect of the scatteres has increased in the
first snapshot, seen as a reduction in the pressure amplitude. The rever-
berations in the second snapshot are minimal. At 20MHz the amplitude
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has reduced further in the first snapshot while the reverberations have in-
creased in amplitude. In the second snapshot the reverberations after the
pulse has passed are much larger. This decrease in pulse amplitude and
increase in reverberation is again observed at 40MHz, due to the scattering
changing from specular to diffusive. At 80MHz the first snapshot shows
the pulse beginning to propagate aross the model and the amplitude has
already reduced. The second snapshot shows the pulse two thirds of the
way across the model with its amplitude reduced to the level of the re-
verberations. The result of this FEA modelling was that low frequencies
must be used to effectively propagate an ultrasonic wave through an FRC
sample.
5.4.2 Measurement of Acoustic Properties
Measurements of the acoustic properties of the FRC rod were made using
the same techniques used for the glass. The rod was 22mm in diame-
ter with a fibre density of ∼ 53% [4], hence an ultrasonic wave travelling
across the rod could be scattered by potentially approximately 600, 000 in-
dividual fibres resulting in a significant reduction of signal. To ensure
a signal of sufficient magnitude would propagate through the sample, a
section of rod was milled to form a plate. The fibres were parallel to the
longest dimension of 64.55m. The plate was 22.14mm wide and 2.69mm
thick resulting in a volume of 3.84 × 10−6m3. The mass of the sample was
measured as 7.733g, corresponding to a density ρ = 2011kgm−3, within
the range quoted by the manufacturer of 1900 − 2100kgm−3 [4]. The lon-
gitudinal and shear velocities across the fibres were measured in a pitch-
catch experiment, indentical to that used for the glass, from which the
Rayleigh velocity was calculated. The theoretical 1/e characteristic dis-
tance of a Rayleigh wave was calculated as 2.2λ, an order of magnitude
smaller than glass. This small characteristic length would result in the
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Density [kgm−3] VP [ms
−1] VS [ms
−1] VR [ms
−1]
Across Along Across Along Across Along
2011 3370 5400 1770 - 1640 -
Table 5.2: Properties of Cracked Fibre Reinforced Composite Rod
Rayleigh wave leaking 95% of its energy after travelling only 6.6λ along
the surface. The longitudinal velocity along the fibres was measured to
highlight the anisotropy of the sample and the velocities for the sample
are presented in Table 5.2. The shear and Rayleigh velocities along the fi-
bres were not measured because they were not required.
To investigate the propagation of a Rayleigh wave along the surface of the
FRC sample an FEA model was created identical to that used for glass in
Fig. 5.2 except the solid properties matched the experimentally measured
macroscopic values for the FRC rod. The width of the source was set to
match the beam width of the 10MHz transducer at 5MHz to best model
the experimental setup. The solid was isotropic as no fibres were included
which enabled the element size to be increased and resulted in the sim-
ulation processing significantly faster. Snapshots from the simulation are
seen in Fig. 5.17.
The first and second snapshots are similar to those of the glass with the
pulse travelling through the water and partially reflecting off the surface
as a Rayleigh wave is generated. The amplitude of the Rayleigh wave
is significantly smaller than the reflected wave. In the third snapshot the
Rayleigh wave is faint due to the energy having leaked very quickly, as ex-
pected from theory. On the left side of the model at the boundary between
the two water regions residual errors of the model begin to accumulate
and spread over the model. In the fourth snapshot the leaky Rayleigh
wave has travelled along the surface however the Rayleigh wave is not
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visible, only the leaked energy. The intensity scale was changed to better
view the leaky Rayleigh wave but this amplified the effect of the resid-
ual errors such that the entire simulation was swamped with blue and red
such that no distinct waves were visible. Irrespective of the scale the leaky
Rayleigh wave did not propagate far before significantly losing energy, as
expected. The simulation was repeated with the solid replaced by a distri-
bution of glass circles in epoxy like that in Fig. 5.15 however the residual
errors of the model were much greater and the entire model was swamped
with red and blue. This was assumed to be an error relating to the large
number of elements required to accurately model a circle. To counter this
problem the circles were changed to squares yet the swamping still oc-
cured.
5.4.3 Experimental Measurement of Rayleigh Waves
To experimentally verify the existence of a Rayleigh wave on the surface
of the sample (propagating across the fibres) the same pitch-catch tech-
nique used for the glass was employed. As a low frequency was desired
to boost the 1/e distance and decrease scattering, the 10MHz transducer
was used to pitch and a 20MHz transducer to catch. Both were set to
the Rayleigh critical angle of 65◦. A 6MHz 5 cycle sinusoid was used
as an excitation pulse to ensure the pulse was of significant energy and
to narrow the bandwidth of the pulse. The Hann window provided a
distinct peak. It was observed in a pulse-echo measurement that the re-
ceived signal was frommany scatterers, as expected from the SEM images.
The catching transducer was aligned with the specular reflection and then
stepped away in 100µm steps. The distance-amplitude data are presented
as the blue crosses in Fig. 5.18.
There are two peaks present however the second is less pronounced. This
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was expected as the 1/e characteristic distance of the Rayleigh wave was
only 2.2λ or ∼ 610µm at 6MHz. Since the leaky Rayleigh wave’s ampli-
tude decayed quickly the exponential decay of the non-specular reflection
could not be separated from the Gaussian like beam shape of the specular
reflection. In an attempt to isolate the non-specular reflection a blocker
was used, an idea proposed in the literature [14, 22, 45]. A specular re-
flection blocker was created by sandwiching a section of closed cell foam
between two microscope cover slips, seen in Fig. 5.19. The blocker was
1mm thick and was approximately 100µm above the plane it rested on.
These materials were chosen because they were thin and regular in shape.
The glass was incorporated to reflect the majority of energy due to its sig-
nificant acoustic impedance difference relative to the water. The closed cell
foam served to absorb and/or reflect any energy that transmitted through
the first cover slip.
The blocker was attached to an ‘L’ shaped stand and placed on the sample.
A pulse-echo measurement was performed to aim the pitching transducer
at the base of the blocker. Another pulse-echo measurement aimed the
catching transducer at the base of the blocker on the other side, with the
relative distance between this location and the specular reflection noted
as 0.9mm. The catching transducer was moved 5mm towards the blocker,
past the location of the specular reflection, effectively preventing any acous-
tic energy in the water propagating at the Rayleigh angle to reach the
transducer. A pitch-catch measurement was performed where the catch-
ing transducer was moved in 100µm steps parallel to the sample surface,
along the direction of propagation of the Rayleigh wave. An oscilloscope
trace was recorded for each step and the amplitude of the peak of each
trace was extracted, seen as red crosses in Fig. 5.18. For the distance equal
to 0, the catching transducer was in the shadow region of the blocker,
hence no leaky Rayleigh wave energy was expected to impinge on the
transducer. However energy was present, identified by a non-zero am-
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plitude, which was thought to be from diffraction at the corner at the
base of the blocker. As the transducer was stepped more diffracted en-
ergy impinged on the transducer at angles closer to the beam axis of the
transducer, resulting in a larger amplitude pulse. At 4.9mm the amplitude
peaked, as observed without the blocker, because the catching transducer
was ‘aiming’ at the surface of the FRC at the base of the blocker. As the
distance was increased the amplitude fell away, as expected. The velocity
was determined by extracting the time of each peak for each trace after
4.9mm, seen in Fig. 5.20.
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Figure 5.16: FEA snapshots of FRC rod cross section displaying the atten-
uating affects of scattering on a pulse of varied frequency.
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Figure 5.17: Snapshots of leaky Rayleigh wave propagating along the sur-
face of a solid with density and velocity taken from measurements of a
FRC sample. The leaky Rayleigh wave does not travel far before leaking
it’s energy due to the small impedance difference between the solid and
water. Residual errors begin to accumulate and dominate the model.
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Figure 5.18: Amplitude of peak for each distance step extracted from mea-
surements along the surface of FRC sample. The blue crosses represent the
combination of the specular and non-specular reflections, the later identi-
fied by the second maxima. The red crosses are from the same measure-
ment however the specular reflection was blocked by a microscope cover
slip.
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Figure 5.19: A specular reflection blocker comprising of closed cell foam
sandwiched between two microscope cover slips.
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Figure 5.20: Time data for each peak in the velocity measurement plotted
against distance. The slope of the fit was 1555ms−1, faster than water but
too low to be considered a leaky Rayleigh wave.
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The velocity was calculated as 1555ms−1 with an excellent linear fit. This
velocity was 75ms−1 higher than water (1480ms−1) corresponding to an er-
ror of 5%. The calculated velocity was smaller than the expected Rayleigh
velocity of 1640ms−1, with an error of 5.2%. With the same error it was
impossible for this be considered a reliable measurement of velocity of a
leaky Rayleighwave. Themeasured velocity was confirmed to not be from
a leaky Rayleigh wave from the phase measurement, where the phase of
the wave received was not pi out of phase with the specular reflection. The
source of the measured wave was believed to be from either diffraction off
the base of the blocker or energy scattered off the fibres within the sam-
ple. The amplitude of the measured wave at 4.9mmwas comparable with
that measured without the blocker. This would not have been the case if
the measured wave was a Rayleigh wave since the leaky Rayleigh wave
would have reduced in amplitude to less than 5% after travelling 1mmun-
der the blocker. The blocker was reduced to a single microscope slide but
the blocking effect was found to be minimal.
The conclusion from this experiment was that the observed phenomenon
was not a leaky Rayleigh wave, as the three criteria for a leaky Rayleigh
wave (velocity, exponential amplitude decay and phase) were not met.
This result was not unexpected given the small 1/e distance which meant
the distance travelled by the leaky Rayleigh wave (ignoring absorption
and scattering) would be less than 1mm before the signal amplitude was
significantly reduced.
A possible solution to the problem of the signal amplitude would be to
increase the power of the pulsing signal. However the power amplifier
availablewas designed to operate above 10MHz and the response at 5MHz
was 60% of that at higher frequencies. The power of the acoustic pulse at
such a low frequency was limited by the response of the 10MHz trans-
ducer, which had a very narrow bandwidth centered at 10MHz hence the
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response at 5MHz was weak. This issue of transducer response was com-
pounded by the use of the 20MHz transducer as a receiver, which was
centered at 29MHz,with an even weaker response at 5MHz.
The use of lower frequencies would result in an increase in the characteris-
tic distance of the leaky Rayleigh wave. At 1MHz the 1/e distance would
increase by a factor of 5. Lower frequencies would also lessen the extent to
which the Rayleigh wave is scattered and absorped in the FRC. However
the ability to detect shallow surface cracks may become compromised.
Irrespective of the chosen frequency the most significant factor in terms of
increasing characteristic distance is the fluid. Water has a density/velocity
ratio only half that of the FRC, resulting in a 95% amplitude reduction
distance of approximately 6 wavelengths. If the fluid was changed to
Isopropyl alcohol, the characteristic distance would increase to 9 wave-
lengths [11], a small difference. An order of magnitude (or two) increase
in this characteristic distance is desired in order to propagate a Rayleigh
wave around the full circumference of a rod. This was verified in an FEA
model by reducing the density of the water by a factor of 100, seen in
Fig. 5.21. The leaky Rayleigh wave’s amplitude was much greater after
travelling the same distance which verified that a change of fluid would
increase the 1/e distance.
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Figure 5.21: FEA simulation of leaky Rayleigh wave propagating along
the surface of the FRC. The water density was reduced by a factor of
100 to demonstrate the dependence of the characteristic distance on the
impedance difference. The intensity of the leaky Rayleigh wave is signifi-
cantly higher than that in Fig. 5.17. The effect of the residual error is more
pronounced also, leading to a swamping of the simulation.
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The only known fluid that could provide the necessary impedance is ac-
tually a gas, such as air, where the characteristic distance would increase
dramatically to approximately 8000 wavelengths. The attenuation in air
above 1MHz is quite high, hence air coupled transducers are often re-
placed by lasers to excite ultrasound [9]. Detection of the Rayleigh wave
could then be achieved via either a laser interferometer measuring the
surface displacement, or air coupled transducers to detect the leaked en-
ergy. Alternatively a contact method for launching and detecting Rayleigh
waves could involve a double wedge (acrylic/steel) setup [10] which does
not require a coupling gel or immersion as the steel mediator is in direct
contact with the sample.
5.5 Conclusion
This work provided an insight into the generation of leaky Rayleighwaves
in glass and fibre reinforced composites. The generation of Rayleighwaves
was achieved via critical angle excitation whilst detection involved mea-
suring the energy leaked by the Rayleigh wave into water. The glass sam-
ple proved the efficacy of two methods for crack dection, pulse-echo and
pitch-catch. The distances over which these methods would be reliable
was limited to approximately 2mm, predominantly due to the small dif-
ference between the densities of the water relative to glass. The small am-
plitude of the Rayleighwave could also be attributed to the scattering from
the fibres acting as sub wavelength scatterers hence the affect of frequency
was investigated with FEA simulations. A change of the fluid, i.e. water
to air, would enable the Rayleigh wave to propagate further along the sur-
face before leaking its energy. The same behaviour was observed for a fibre
reinforced composite sample however the density difference was smaller
resulting in the Rayleighwave leaking its energy very fast, so much so that
it couldn’t be identified separately from the specular reflection. This lead
to the conclusion that leaky Rayleigh waves in water were not an appro-
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priate tool for detecting surface cracks on the surface of fibre reinforced
composites. Other methods for generating and detecting Rayleigh waves
on a the surface of a fibre reinforced rod were introduced, particularly
lasers and double wedge methods, however these were not implimented
due to the availability of equipment and time restrictions on the project.
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Chapter 6
Summary and Conclusion
The motivation for this work was to develop high frequency (> 20MHz)
ultrasonic non-destructive techniques for detecting manufacturing flaws
in fibre reinforced composites with particular focus on coating thickness
and surface crack detection. The work on coating thickness measure-
ments was successful as the thicknesses of a plastic sheath (1mm) and
a thin (90µm) layer of paint were measured accurately. FEA modelling
demonstrated the effectiveness of a pulse-echo measurement at measur-
ing thickness of a layer ultilising the time of flight data and a known ve-
locity. Chirped waveforms and matched filtering were shown to improve
the resolution limit of the system such that it was capable of measuring
thickness greater than 20µm. High frequency immersion transducers at a
centre frequency of 50MHz were used to experimentally measure coating
thicknesses with excellent results.
The work on crack detection provided an insight into the generation of
leaky Rayleigh waves in glass and fibre reinforced composites using FEA.
The generation of Rayleigh waves was achieved via critical angle excita-
tion in water. Experimentally a glass sample proved the efficacy of two
methods for crack dection, pulse-echo and pitch-catch. The distances over
which these methodswould be reliable was limited to approximately 3mm
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predominantly due to the small difference in the acoustic properties of the
water and glass. The methods were then applied to an FRC sample how-
ever the amplitude of the leaky Rayleigh wave decayed too quickly to be
detected. This decay was attributed to the scattering from the fibres acting
as sub wavelength scatterers and the small difference in acoustic proper-
ties between the water and FRC. FEA simulations demonstrated how the
frequency and scatterer dimension were related and confirmed that a low
excitation frequency was required in order to reduce scattering. To enable
the leaky Rayleigh wave to travel further, a change of the fluid would be
required i.e. water to air. This lead to the conclusion that leaky Rayleigh
waves in water were not an appropriate tool for detecting surface cracks
on the surface of fibre reinforced composites. Future work could involve
other methods for generating and detecting Rayleigh waves on the sur-
face of a fibre reinforced rod. Double wedge methods in air could enable a
Rayleigh wave to propagate a large enough distance to be useful for crack
detection. Laser ultrasonics are popular as they are non-contact, do not
require a coupling medium and are accurate.
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